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SUMMARY ….. 
One of the environmental issues in recent years is the presence of emerging 
contaminants (ECs) such as pharmaceutical and personal care products 
(PPCPs), endocrine-disrupting compounds (EDCs) and artificial sweeteners 
(ASs) in the water bodies. ECs have been detected at low levels even in the 
surface water, which leads to concerns that these compounds could have an 
impact on aquatic ecosystems and also human health. In fact, some studies 
have shown evidences of adverse effects of ECs on the animal health while 
many other studies are ongoing. Although it is possible to remove these 
contaminants by using techniques such as advanced oxidation processes 
(AOPs) but these are costly to be implemented widely. Therefore, research 
effort into a cost-effective treatment or a complementary treatment could aid 
in limiting the ECs entering the environment.  
Plant-soil systems such as bioretention systems can be considered as cost-
effective and sustainable approach which has the potential for ECs removal. 
However, removal mechanisms of ECs especially by plants are not well 
understood. Among them, possible role of biological advanced oxidation 
process (BAOP) by studding the effect of iron sources on the ECs removal and 
simultaneous change in the endogenous H2O2 level was examined for the first 
time in the batch experiment. Removal efficiencies of ECs by lab-scale 
bioretention column were then examined under continuous flow condition. 
In the present study, removal efficiencies of six selected ECs, namely 
acetaminophen (ACT), estrone (E1), ibuprofen (IBP), ketoprofen (KTP), 
saccharin (SAC) and carbamazepine (CBZ) in a 21-day batch experiment were 
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examined. Except for E1, effect of different sources of iron including  
Fe
2+
-EDTA (iron chelate), Fe
2+
 (as FeSO4) and Fe
3+
 (as Fe2(SO4)3) were also 
examined by batch experiment. Then, removal efficiencies of these five ECs 
were tested via lab-scale bioretention columns under continuous flow 
condition. 
Firstly, removal of selected ECs in addition to estrone (E1) was studied in the 
batch experiments. In a 21-day study, removal efficiencies of selected 
compound followed the order of ACT>E1>IBP>KTP>SAC with removal 
efficiencies of 92.1%, 83.1%, 89.7%, 51.4%, and 30.8%, respectively using 
initial concentration 500 µg L-1 of the selected ECs. Although CBZ showed 
slight removal about 4.9%, there was no significance different between 
removal of planted and unplanted flasks. 
Significant relationships between ECs removal efficiencies (by plant uptake 
and sorption to plant root) and physicochemical properties of ECs (i.e., MW, 
Sw, log Kow, log Dow and pKa) were not obtained in the present study due to 
combination of mechanisms involved in the ECs removal.  
In line with the batch experiments, the effect of biological oxidation, which in 
this study is referred to biological advanced oxidation process (BAOP), on the 
removal of ECs was evaluated. The results showed addition of readily 
available iron chelate, 0.3 mM Fe
2+
-EDTA, significantly increased the 
removal rate of ACT, IBP, and KTP from 0.102 to 0.200 d
-1
, from 0.072 to 
0.212 d
-1
 and from 0.034 to 0.078 d
-1
, respectively. The increase in removal 
efficiencies was due to simultaneous reduction of endogenous H2O2 and 
presumably production of hydroxyl radical (OH). 
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Removal efficiencies of mixture containing five ECs by lab-scale bioretention 
columns were conducted using sand media and a common bioretention soil 
media (i.e., mixture of sand, top soil and compost). By using just sand media 
under flow rate of 4 mL h
-1
, ACT and IBP were detected in the effluent of 
columns after Day 30 and Day 27, respectively. However, KTP, SAC and 
CBZ were detected before Day 5. Using a common bioretention soil media 
however, showed promising removal efficiency during the 132 days of 
continuous treatment, more than 90% of ACT and IBP and more than 80% of 
KTP, SAC and CBZ were removed by planted bioretention column. 
Bioretention systems of containing different media such as sand, soil, plant 
fibers and activated carbons and different types of plants including trees can 
potentially provide combined effect to enhance the removal of ECs. 
Keywords: Emerging Contaminant, Biological Advanced Oxidation Process, 
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1.1.1 Emerging contaminants (ECs) in the environment 
In recent years, presence of emerging contaminants (ECs) in the environment 
is causing increasing concerns. ECs include wide varieties of chemical 
substances commonly used in products such as pharmaceuticals and personal 
care products (PPCPs), endocrine-disrupting compounds (EDCs), pesticides 
and artificial sweeteners (ASs). Among ECs, PPCPs and ASs are of particular 
interest. Many health-related products, prescribed medicines, and other 
substances sold over-the-counter  may be categorized as PPCPs. ASs are daily 
consumer products mainly used as an alternative to sugar. Their widespread 
usage and continuous release into the environment leading to potential adverse 
1 
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health effects which have drawn interests of authorities and research 
communities (Carlos et al., 2012; Tran et al., 2013; Zhang et al., 2014; 
Hernández et al., 2015).  
In urbanized areas, municipal waste water treatment plants (WWTPs) may 
receive continuous loads of ECs such as PPCPs and ASs, as these products are 
widely used by individuals. However, incomplete removal of such ECs during 
municipal waste water treatment has been reported in earlier studies (Ashton 
et al., 2004; Quintana et al., 2005; Santos et al., 2007; Lange et al., 2012). 
Conventional WWTPs are usually designed for the removal of easily to 
moderately biodegradable compounds (Verlicchi et al., 2012), while most ECs 
are relatively persistent to biodegradation. Therefore, residues of different EC 
classes can be found in water bodies, at concentrations ranging from parts per 
trillion (ppt or ng L
-1
) up to parts per billion (ppb or µg L-1) levels (Ashton et 
al., 2004; Quintana et al., 2005; Santos et al., 2007; Zhang et al., 2014).  
A review study by USEPA (2010) based on data from 49 municipal WWTPs, 
showed the average removal efficiency of conventional activated sludge 
treatment plants was approximately 68% for 16 selected ECs (Figure ‎1-1). As 
shown in Figure ‎1-1, the removal efficiencies for various ECs are different. 
Some compounds such as carbamazepine and tri(chloroethyl)phosphate were 
poorly removed (<30%), while some compounds such as caffeine and 
nonylphenol were highly removed (≥90%) . This removal differences could be 
due to different levels of biodegradability or other possible removal processes 
such as photodegradation and adsorption through stages of activated sludge 
treatment. Nevertheless, none of the reported compounds were removed 
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completely via conventional activated sludge process. Although techniques 
such as advanced oxidation processes (AOPs) can effectively remove certain 
ECs from wastewater (Yang et al., 2008), the operating costs are still too high 
which deter the widespread application of such processes (Karimi et al., 2012).  
 
Figure ‎1-1 Removal of selected ECs by full-scale activated sludge treatments 
(USEPA, 2010) 
 
Although it is expected to detect PPCPs and ASs in the influent and effluent of 
WWTPs, these ECs have also been detected in other surface water bodies such 
as drainage canals and even stormwater collection systems (Boyd et al., 2004; 
Kolpin et al., 2004; Ellis, 2006). The unexpected presence of ECs could be 
due to lack of proper wastewater treatment facilities or input of raw 
wastewater from sewer overflows (Tran et al., 2014). Table ‎1-1 shows the 














































































































































) Average = 68% 
  
Chapter 1 Introduction___________________________________________  
Page | 4 
 
Table ‎1-1 Reported ECs in surface water bodies (all concentrations in ng L-1)  
Compound Country Sampling site  Min  Max  Mean 
Pharmaceuticals/EDCs      
Acetaminophen USA (a) WWTP effluent <7 2009 379 
 Brazil (b) Surface water (receptor of 
non-treated sewage) 
372 30421 13496 
  Surface water (downstream of 
WWTP) 
388 6560 3672 
Acetyl-sulfamethoxazole UK (c) Surface water (1 km upstream 
of WWTP) 
<50 <50 <50 
  WWTP effluent <50 2235 161 
  Surface water (1 km 
downstream of WWTP) 
<50 239 70 
Caffeine Spain (d) WWTP influent 750 11440 3840 
  WWTP effluent 510 3200 1240 
 Brazil (b) Surface water (receptor of 
non-treated sewage) 
6601 129585 73080 
  Surface water (downstream of 
WWTP) 
1512 18984 8129 
Carbamazepine USA (a) WWTP effluent 20 499 195 
 Spain (d) WWTP influent 120 940 360 
  WWTP effluent 120 1290 500 
 Canada (e) WWTP influent - - 368.9 
  WWTP effluent - - 426.2 
  Surface water (100 m 
downstream of WWTP) 
- - 0.7 
Dextropropoxyphene UK (c) Surface water (1 km upstream 
of WWTP) 
<20 <20 <20 
  WWTP effluent <20 585 199 
  Surface water (1 km 
downstream of WWTP) 
<20 682 147 
Diclofenac UK (c) Surface water (1 km upstream 
of WWTP) 
<20 <20 <20 
  WWTP effluent <20 2349 599 
  Surface water (1 km 
downstream of WWTP) 
<20 568 154 
 Spain (d) WWTP influent <LOD <LOD <LOD 
  WWTP effluent <LOD <LOD <LOD 
Estrone Brazil (b) Surface water (downstream of 
WWTP) 
<0.1 15 9.87 
Erythromycin UK (c) Surface water (1 km upstream 
of WWTP) 
<10 57 <10 
  WWTP effluent <10 1842 109 
  Surface water (1 km 
downstream of WWTP) 
<10 1022 159 
Fluoxetine USA (a) WWTP effluent <4 6 3.5 
Ibuprofen UK (c) Surface water (1 km upstream 
of WWTP) 
<20 1555 432 
  WWTP effluent <20 27256 4201 
  Surface water (1 km 
downstream of WWTP) 
<20 5044 1105 
 Spain (d) WWTP influent 53480 373110 156160 
  WWTP effluent 2360 48240 12600 
 Brazil (b) Surface water (receptor of 
non-treated sewage) 
72 744 508 
 USA (i) Stormwater canal <LOD 674 38 
Ketoprofen Spain (d) Upstream/Influent <LOD 3.59 1.36 
  Final effluent <LOD 1.5 0.41 
Mefenamic acid UK (c) Surface water (1 km upstream 
of WWTP) 
<50 <50 <50 
  WWTP effluent <50 1440 273 
  Surface water (1 km 
downstream of WWTP) 
<50 366 86 
Naproxen Spain (d) WWTP influent 1600 27400 11140 
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Compound Country Sampling site  Min  Max  Mean 
Naproxen  WWTP effluent 290 4280 2620 
 USA (i) Stormwater canal <LOD 145 7.8 
Progesterone USA (a) WWTP effluent <LOD 9 4.9 
Propranolol UK (c) Surface water (1 km upstream 
of WWTP) 
<10 115 10 
  WWTP effluent 16 284 93 
  Surface water (1 km 
downstream of WWTP) 
<10 215 41 
Sulfamethoxazole USA (a) WWTP effluent 18.0 175 103 
 UK (c) Surface water (1 km upstream 
of WWTP) 
<50 <50 <50 
  WWTP effluent <50 132 <50 
  Surface water (1 km 
downstream of WWTP) 
<50 <50 <50 
Tamoxifen UK (c) Surface water (1 km upstream 
of WWTP) 
<10 <10 <10 
  WWTP effluent <50 42 <10 
  Surface water (1 km 
downstream of WWTP) 
<10 <10 <10 
Trimethoprim UK (c) Surface water (1 km upstream 
of WWTP) 
<10 36 <10 
  WWTP effluent <10 1288 128 
  Surface water (1 km 
downstream of WWTP) 
<50 42 12 
Personal care products      
Triclosan Denmark (h) Surface water 4 17 7 
 Brazil (b) Surface water (downstream of 
WWTP) 
<0.8 281 60.1 
 USA (i) Stormwater canal 2.8 29 15 
Galaxolide Denmark (h) Surface water 23 57 34 
 Germany (j) WWTP influent 1409 2325 1941 
  WWTP effluent 652 795 695 
Mecoprop Denmark (h) Surface water 13 21 16 
Artificial Sweetener      
Saccharin China (f) WWTP influent 7200 9100 - 
  WWTP effluent 270 280 - 
  Surface water 210 1100 - 
  Drainage canal 220 91000 - 
 Switzerland (g) WWTP influent 3900 18000 - 
  WWTP effluent <LOD 3200 - 
Acesulfame China (f) WWTP influent 16000 17000 - 
  WWTP effluent 15000 17000 - 
  Surface water 1600 7600 - 
  Drainage canal 2900 17000 - 
 Switzerland (g) WWTP influent 12000 43000 - 
  WWTP effluent 16000 46000 - 
Cyclamate China (f) WWTP influent 16000 21000 - 
  WWTP effluent 160 180 - 
  Surface water 120 670 - 
  Drainage canal 140 120000 - 
Sucralose Switzerland (g) WWTP influent 2000 9100 - 
  WWTP effluent 2000 8800 - 
Aspartame China (f) WWTP influent 44 53 - 
  WWTP effluent <LOD <LOD - 
  Surface water 29 40 - 
  Drainage canal 53 91000 - 




Campanha et al. (2015) 
(c) 
Ashton et al. (2004) 
(d) Santos et al. (2007) (e) Miao and Metcalfe (2003) (f) Gan et al. (2013) 
(g) Buerge et al. (2009) (h) Matamoros et al. (2012a) (i) Boyd et al. (2004) 
(j) Bester (2004) 
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As noted from Table ‎1-1, ECs have been detected in different sites that would 
be a potential source to raw potable water or may adversely affect the aquatic 
environment. Although more studies need to be conducted regarding possible 
adverse effects of ECs, some possible health issues have been raised related to 
ECs such as PPCPs, EDCs and ASs that are discussed in Section ‎1.1.2. 
1.1.2 Environmental health concerns about ECs 
The development of sophisticated analytical instruments such as high 
performance liquid chromatography (HPLC) and mass spectrometry (MS) has 
made it possible to detect trace amounts of ECs in the environment (Xia et al., 
2005). Various types of ECs have been detected in raw wastewater, surface 
water, groundwater, soil and sediment (Tran et al., 2013; Zhang et al., 2014; 
Hernández et al., 2015). Although concentrations of ECs in the environment 
are usually low, long term exposure and their mechanism of action on human 
or animal bodies,  may pose potential health risks (Fatta-Kassinos et al., 2009). 
According to a study by Schnell et al. (2009), the synergistic effects of 
different ECs could lead to toxicity effects even in concentrations lower than 
expected. Continuous release of biodegradable pollutants into the environment 
may behave like persistent compounds (Dodgen, 2014) due to their 
bioaccumulation capability in organs of aquatic species, as well as in plant 
tissues. Over time, the bioaccumulated effects would amplify the 
environmental health risks (Kinney et al., 2006; Calderón-Preciado et al., 
2011; Calderon-Preciado et al., 2012; Can et al., 2014; Yu and Wu, 2015). 
Studies showed exposure to the effluent of WWTPs, which potentially 
contains ECs, had adverse effects on fish health (Liney et al., 2006; Sowers et 
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al., 2009; Lange et al., 2011). Blazer et al. (2012) reported a high number of 
intersex fish (smallmouth bass) within Potomac River (USA) drainage system 
as an indication of potential presence of ECs in the aquatic environment. In 
another study, Yu and Wu (2015) tested blood samples from fish in a lake in 
California (USA) for the presence of 13 selected PPCPs with possible health 
risk. They detected 7 PPCPs in concentrations ranging from 1.04 to 13.1 µg L-
1 
including bisphenol A, diclofenac, estrone, gemfibrozil, ibuprofen, naproxen, 
and triclosan. In some cases, even exposure to very low concentrations of ECs, 
such as EDCs, has resulted in adverse effects. For instance, exposure to 
concentrations as low as 1 ng L
-1
 of 17α-ethinylestradiol (EE2) showed 
reproductive reduction and intersex issues in fathead minnows (Parrott and 
Blunt, 2005).  
Toxicological effects of some ECs on aquatic species, notably in the fish 
population, have been reported (Schwaiger et al., 2004; Triebskorn et al., 
2004; Rahman et al., 2009; Sakakibara et al., 2010; Zhang et al., 2012b). For 
instance, Triebskorn et al. (2004) and Schwaiger et al. (2004) reported 
accumulation of protein in the tubular cells in the kidney and collapse of the 
cellular compartmentation in the liver of rainbow trout exposed to 1 to 500  
µg L-1 of diclofenac. Possible adverse effects of many other  ECs are still 
under investigation (Sui et al., 2012). Table ‎1-2 shows potential health impacts 
on wildlife and human associated with ECs. 
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Table ‎1-2 Potential health impacts of ECs on wildlife and human 
Contaminants Species Potential health effects 
Pharmaceuticals/EDCs   
EE2 (a & b) Fish (Fathead minnow) Feminization of male gonads, reproductive decline 
EE2 and alkylphenol  
Ethoxylates (c) 
Fish (Rainbow trout) Feminization and sterility 
Metformin (d) Fish Sexual anomalies 
Pharmaceutical mixtures (e) Fish Risk of mortality in concentration up to 100 µg L-1 
Diclofenac (f) Vultures Mortality 
Diclofenac (k) Fish (Rainbow trout) Deterioration of functional units in the kidney and 
liver 
EDCs (c) Human Breast and prostate cancers 
Personal care products   
Triclosan(g) Rat Affect estrogen-mediated responses and suppress 
thyroid hormone 
Saccharine(h) Rat Addiction 
Others   
Androgenic paper mill 
effluents (c) 
Fish (Mosquitofish) Masculinization 
ECs (i) Fish (Smallmouth bass) High number of intersex fish 
Organochlorines such as 
DDTs, DDEs  (c) 
Alligator Reproductive tracts disorder 
 
Fragrance compounds in 
musks (j) 
Marine mussel Suppress multi-drug transporters 
Tributyltin (TBT) (c) Snail Imposex (altered sexual orientation) 
Formononetin (c) Ewes/sheep Infertility 
(a) 
Van Aerle et al. (2004) 
(b) 
Parrott and Blunt (2005) 
(c) 
Rahman et al. (2009)
 
(d) 
Niemuth and Klaper (2015) 
(e) 
Reinhold et al. (2010) 
(f) 
Galligan et al. (2014)
 
(g) 
Stoker et al. (2010) 
(h) 
Lenoir et al. (2007) 
(i) 
Blazer et al. (2012) 
(j)
 Luckenbach et al. (2004) 
(k)
 Triebskorn et al. (2004)
 
 
As seen from Table ‎1-2, different health treats can be imposed by exposing to 
ECs on both wildlife and human. It can also be seen that, although aquatic 
species are considered to be the main receptors of ECs, other animals such as 
birds may also be affected by ECs. For instance, in 2006, the veterinary usage 
of diclofenac, a widely used anti-inflammatory drug, was banned in India after 
the reported death of vultures that fed on carcasses of diclofenac-treated 
livestock (Galligan et al., 2014). 
Adverse effects of ECs on fish gender are usually related to synthetic estrogen 
such as EE2. However, Niemuth and Klaper (2015) reported sexual anomalies 
in fish exposed to metformin, a widely prescribed anti-diabetic medicine. This 
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shows that more studies on the effects of various EDCs/PPCPs on the 
environment are required.  
Presence of ECs in water bodies would also be a possible risk to human health 
and many related studies are ongoing. Hernández et al. (2015) conducted a 
massive screening of licit and illicit drugs and their metabolites in Bogotá, 
Colombia. They detected cocaine, a psychoactive drug, and its main 
metabolite, benzoylecgonine, at 8 out of 10 surface water sampling points and 
in the influent and effluent of all 7 monitored WWTPs samples. The presence 
of this drug in water bodies may also be a potential human health concern.  
Another concern about the presence of ECs, especially antibiotics, in the 
environment is the potential of inducing antibiotic-resistant species. Salcedo et 
al. (2014) indicated the presence of low concentrations of antibiotics 
facilitated the spread of antibiotic resistance gene (ARG) in the environment. 
The presence of antibiotics has been reported in wastewater samples ranging 
from the ng L
-1
 level up to the mg L
-1
 level (Segura et al., 2009). Reuse of 
treated wastewater for irrigation of agricultural crops may lead to 
accumulation of ECs in plant tissue (Wu et al., 2013). Wu et al. (2013) 
detected 13 PPCPs, including one antibiotic (trimethoprim), in the leaves and 
roots of lettuce grown in a solution spiked with mixed PPCPs. Potential 
bioaccumulation of ECs in edible plants may have some effects on herbivores 
or human health (Mathews and Reinhold, 2013). Further studies need to be 
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1.1.3 Plant-based system for ECs removal 
Plant-based systems have long been used in the phytoremediation process for 
the removal of compounds such as heavy metals, pesticides, organic solvents, 
explosives and petroleum hydrocarbons (Pilon-Smits, 2005).  
Constructed wetland (CW) is a widely applied plant-based system. CWs are 
engineered systems that use natural features such as sand/gravel and plants 
that can help with the removal of nutrients and pollutions before entering to 
the environment. CWs are used to enhance the water quality from point and 
nonpoint sources such as stormwater runoff, domestic wastewater, landfill 
leachates and pretreated industrial wastewaters. CWs could be the sole 
treatment for some wastewaters or one component in a sequence of treatment 
processes (Davis, 1994).  
CWs also have the capability to remove ECs such as PPCPs through different 
pathways such as photodegradation, biodegradation and sorption (Matamoros 
and Bayona, 2006). Few studies have demonstrated the effectiveness of plants 
on the removal of ECs, such as PPCPs through CWs (Dordio et al., 2011a; 
Dordio et al., 2011b; Matamoros et al., 2012a; Zhang et al., 2013a). Removal 
of PPCPs, including caffeine, ibuprofen, triclosan, hydrocinnamic acid, 
tonalide, naproxen, and clofibric acid, by aquatic plants through plant 
biodegradation or uptake had been reported (Calderon-Preciado et al., 2012; 
Matamoros et al., 2012b; Macci et al., 2015). According to Hijosa-Valsero et 
al. (2010b), the presence of aquatic plants in CWs facilitated the removal of 
caffeine, ibuprofen, naproxen, and diclofenac. The removal of some PPCPs 
using four types of aquatic plants was studied by Matamoros et al. (2012b) 
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during 38 days of incubation in planted reactors. They reported the removal of 
triclosan, diclofenac, naproxen, caffeine, ibuprofen, and clofibric acid in a 
range of (96-99%), 99%, (40-53%), (81-99%), (44-77%), and (16-23%), 
respectively. These results demonstrated the capability of plant-based systems 
for ECs removal which can be applied as a final polishing step before the 
WWTP effluent is discharged to the aquatic environment. In addition to 
aquatic plant which is commonly used in CWs, terrestrial plants with wide 
varieties and potential benefits for the pollutant removal have potential 
application in plant-based system. One example is the application of terrestrial 
plants in systems such as bioretention systems. 
Bioretention system is being used for the purposes such as stormwater 
management in the urban area (Davis et al., 2009). Bioretention systems, also 
known as bioinfiltration systems or rain gardens, include sand/soil/organic 
media and different forms of vegetation in which the system allows runoff 
pooling (Davis et al., 2009). Bioretention systems are very efficient (up to 
93%) in the removal of total suspended solid (TSS) and total phosphorus (TP). 
They can also remove a moderate amount (up to 60%) of total nitrogen (TN) 
from influent (Guo et al., 2014). Bioretention systems can be designed to 
include physical, chemical, and biological treatment processes through 
filtration, sedimentation, precipitation, sorption, plant uptake, and microbial 
activities (Guo et al., 2014). Although bioretention systems have not been 
specifically designed for removal of ECs, they may have the capability for 
removing such organic compounds. Most of the studies related to ECs removal 
by plant-based systems have been focused on the role of aquatic plants. 
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Removal of ECs by terrestrial plants, however, has attracted attention of 
researchers mostly focusing on ECs bioaccumulation in the edible plants 
rather than their removal efficiency. Bioaccumulation of ECs in edible plants 
has potential adverse health effect. For instance, Shenker et al. (2011) reported 
bioaccumulation of carbamazepine in the cucumbers irrigated by reclaimed 
wastewater. In another study, Calderon-Preciado et al. (2012) showed 
accumulation of five out of six examined PPCPs in lettuce plants tissue. 
Accumulation of veterinary drugs in plant crops such as corn, green onion, 
cabbage, carrot roots and lettuce leaves using livestock manure as fertilizer 
were also reported (Kumar et al., 2005; Boxall et al., 2006). Nevertheless, the 
removal efficiency of ECs by non-edible terrestrial plants has not been well 
studied. Calderon-Preciado et al. (2012) examined the removal of ibuprofen, 
triclosan, hydrocinnamic acid, tonalide, naproxen, and clofibric acid using 
lettuce as a model plant and obtained a removal efficiency of 85-99% for 
selected chemical compounds within a 30-day time period. Terrestrial plants 
can be used in combination to sand, soil, and organic material as well as 
engineered soil to enhance the ability of ECs removal by plant-based systems 
through processes such as adsorption, microbial activities and plant uptake. Xu 
et al. (2009a) showed that degradation of some ECs, such as triclosan, 
bisphenol A, clofibric acid, naproxen, diclofenac, and ibuprofen, through 
agricultural soils followed first-order decay kinetics. In the same study, soil 
microbial activities were shown to enhance the degradation rate constants 
between 2.5 and 34.5 times for different ECs.  
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1.2 Problem statements 
The mechanisms involved in the removal of ECs by plants, specifically role of 
biological oxidation, are not well understood. This study, using Money plant 
(Epipremnum aureum) as a model plant, would add to the knowledge and 
create better understanding on the effect of biological oxidation mechanism, 
hypothesized triggering by the presence of available iron to the plant, on the 
ECs removal performances by plant-based systems. In addition, using 
terrestrial plant such as Money plant for the removal of ECs may expand the 
applications of existing plant-soil systems such as bioretention systems from 
mostly nutrient removal purposes to potentially ECs removal. To date, the 
primary purpose of bioretention systems is used for stormwater management 
to reduce the peak flow of surface runoff as well as to reduce nutrients and 
pollutants such as TSS, specific heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), TN, and TP. Thus far, no previous study has addressed 
the potential of using bioretention system for the removal of ECs, such as 
PPCPs, EDCs and ASs. This would provide an attractive alternative and cost-
effective polishing step for secondary treated wastewater before it enters the 
receiving water. Therefore, detailed studies are needed to shed light on the 
unknown aspects of ECs removal by plant-soil systems such as bioretention 
systems. In the present study, three main gaps were addressed, namely: (i) 
removal efficiency of ECs by Money plants, (ii) effect of the biological 
oxidation process in plants on ECs removal, and (iii) removal of ECs through 
bioretention columns. Further details are described in Sections ‎1.2.1 to ‎1.2.3.   
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1.2.1 Removal efficiency of ECs by Money plants 
It is well known that plants use nutrients, such as nitrogen and phosphorous, 
for their growth and remove pollutants, such as heavy metals, in the process of 
phytoremediation (Iha and Bianchini, 2015; Morteau et al., 2015). However, 
studies regarding the removal of ECs, especially PPCPs, EDCs and ASs, by 
plants have not been extensively conducted. Many ECs are thought to be 
hydrophobic and water-soluble enough (0.5< log Kow <4) to travel through the 
lipid bilayer of plant cell membranes and move with cell fluids in a way that 
may lead to uptake/degradation of ECs (Briggs et al., 1982; McCutcheon and 
Schnoor, 2003; Pilon-Smits, 2005). Most of the existing studies focused on the 
role of aquatic plants, which may be used in constructed wetlands, rather than 
on terrestrial plants (more specifically non-edible terrestrial plants) (Bartha et 
al., 2010; Dordio et al., 2011a; Dordio et al., 2011b; Matamoros et al., 2012b). 
Thus, little is known about the removal efficiencies of ECs by terrestrial plants 
(Calderon-Preciado et al., 2012). In addition, the available data regarding 
relationships between removal efficiencies and physicochemical properties of 
ECs, such as log Kow and solubility, are often contradictory (Wu et al., 2013). 
According to the reviewed literatures, ECs removal by Money plants has not 
been addressed in previous studies. Therefore, study the removal efficiencies 
of different ECs by Money plant is a necessary prerequisite for the study of 
biological oxidation mechanism in Money plant. In addition, relationships 
between removal efficiencies and physicochemical properties of ECs were 
also examined in the present study to compare with other studies by different 
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plant types. With the developed relationship, a better prediction of ECs 
removal by Money plant can be achieved.  
1.2.2 Effect of the biological oxidation process in plants on ECs removal 
Many ongoing studies have concentrated on the removal of ECs in terms of 
different processes, such as filtration, ozonation, and AOPs (Nakada et al., 
2007; Yue et al., 2009; Kim and Tanaka, 2011; Yang et al., 2011). It has been 
shown that constructed wetlands, as plant-based systems, have a positive role 
in ECs removal (Zhang et al., 2014; Macci et al., 2015). Although there are 
some explanations of the mechanism of ECs removal by plants, little is known 
about the effects of endogenous chemical reactions, such as oxidation, 
reduction, or hydrolysis, on the removal of ECs (Reis et al., 2013). One of the 
possible mechanisms of ECs removal would be the role of biological Fenton 
reaction, as suggested by Reis et al. (2013). They showed that biological 
Fenton was responsible for the removal of pentachlorophenol (PCP), a 
phenolic EDC, from aqueous media by aquatic plants. In another study, Reis 
et al. (2014) showed the oxidation of phenolic EDCs by aquatic plants is 
related to endogenous H2O2 production and the main enzymes responsible for 
oxidation are peroxidases (POs). Nevertheless, there are very few studies 
addressing the role of H2O2 and biological oxidation in ECs removal by plants, 
and even fewer for terrestrial plants. Therefore, this study will evaluate 
possible role of biological oxidation in ECs removal by terrestrial plants to 
provide better understanding on the removal mechanisms in plants. 
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1.2.3 Removal of ECs through bioretention columns  
Removal of ECs through the soil column could be due to biodegradation, 
adsorption, or chemical reactions. There are few studies examining the role of 
plants in ECs removal. In constructed wetlands, aquatic plants are used to 
improve ECs removal (Lee et al., 2013; Zhang et al., 2013b; Zhang et al., 
2014; Macci et al., 2015). Terrestrial plants, however, are not usually 
considered for the phytoremediation of ECs. The major concerns about 
interactions between ECs and terrestrial plants are restricted only to the effect 
of ECs uptake by edible plants and the potential health effects if the plants 
were consumed. 
Although there are several studies investigating ECs removal, either by 
passing through the soil column or by plant uptake, studies considering the 
combined effects of both soil and plants are extremely rare. In this regard, this 
study aims to provide in depth scientific understanding on the removal 
efficiencies of ECs by bioretention columns planted with a model terrestrial 
plant, Money plant. 
1.3 Objectives and research scope 
Reducing the amount of ECs entering to the environment is still a challenging 
task to environmental engineers. Wide range of terrestrial plants in accompany 
with soil media can be a possible removal system for ECs. Soil media itself, 
can be engineered to maximize the growth of plants as well as to enhance the 
ECs removal. Therefore, removal of ECs is later evaluated in a plant-soil 
system similar to a bioretention column.  The two major elements in the plant-
soil system, namely plant and soil media can play synergistic role for the 
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removal of ECs. The potential functions of plant-soil systems for ECs removal 
are: (i) most ECs can potentially be taken up by plants and presumably lead to 
accumulation/degradation of ECs; and (ii) soil media can secure nutrients for 
plant growth, serve as a support for vascular plant roots, and provide a 
conducive environment for microbial communities which, biodegradation and 
sorption capability of soil media, can also help increase the removal of ECs. 
Plant-soil systems can be considered as a polishing step for the removal of 
selected ECs after secondary wastewater treatment.  
Using plant-based systems for the removal of ECs provide a sustainable and 
cost-effective approach. However, little is known regarding the complex 
process of plants’ removal of ECs. One hypothesis that is suggested in the 
present study is the role of biological advanced oxidation process (BAOP). 
The main purpose of this research is to determine the role of BAOP on the 
removal of ECs as well as evaluate the removal of ECs through an engineered 
design soil column planted with Money plants (bioretention column) under 
continuous flow condition. The three specific sub-objectives of this research 
are described in Sections ‎1.3.1 to ‎1.3.3. The schematic framework of the study 
is shown in Figure ‎1-2. Even though removal of the main ECs from aqueous 
and soil media will be assessed, the formation of intermediate metabolites is 
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Figure ‎1-2 Schematic framework of the present study 
 
1.3.1 Specific aim 1 
 Objective: Determine the removal efficiencies/kinetics of selected 
ECs from aqueous media planted with Money plants, and assess the 
relationships between removal kinetics and the physicochemical 
properties of ECs. 
 Hypothesis: The Money plant, a Southeast Asian climbing plant, 
widely grown as a houseplant, can be a proper choice for a 
terrestrial model plant. Evidence of ECs removal by other aquatic/or 
terrestrial plants shows potential ECs removal by Money plants. 
Phase 1- Batch study on 
Money plant:  
Removal of selected ECs 
Removal efficiency and 
kinetics 
Relation between 
removal kinetics and 
their physicochemical 
properties 
Phase 2- Batch study on 
Money plant:  
Effect of biological 
oxidation process on the 
removal of ECs 
Changes of endogenous 
H2O2 level 
Effect of iron on the 
removal efficiency 
Phase 3- Continuous flow 
study in plant-soil system: 
Removal of ECs using 
bioretention columns 
Effect of adsorption + 
biodegradation  
Effect of plant uptake 
Effect of iron source on 
the ECs removal 
efficiency 
Understanding of ECs Removal by Money plant and biological 
oxidation pathway 
Removal of ECs by plant-based system 
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1.3.2 Specific aim 2 
 Objective: Evaluate the possible role of a plant’s BAOP in ECs 
removal by investigating the effect of available iron. 
 Hypothesis: Biotic or abiotic stresses increase endogenous H2O2 
concentrations in plants. The presence of ECs as xenobiotics
1 
to 
plants may increase endogenous H2O2 concentrations. The presence 
of iron along with the endogenous H2O2 may form hydroxyl radical 
(OH) via Fenton and Haber-Weiss reactions, which presumably 
lead to the oxidation of ECs.  
1.3.3 Specific aim 3 
 Objective: Evaluate the combined plant-soil effect on the removal of 
ECs by adsorption, biodegradation, and plant uptake mechanisms 
through a soil column planted with Money plants (bioretention 
column). 
 Hypothesis: It has been shown that selected ECs can be removed by 
plants. In addition, soil can remove ECs by adsorption, microbial 
activity, and chemical reactions. Therefore, a plant-soil system (e.g., 
a bioretention system) may have high potential for ECs removal by 
combination of different possible removal pathways (i.e., plant 
uptake, sorption and microbial activity). 
The results of this study may help shed light on the efficiency enhancement of 
ECs removal using a plant-soil system (e.g., a bioretention system) planted 
with terrestrial plants. Thus, using a plant-soil system, this new approach 
                                                 
1
 Compounds that are foreign to a living organism (McCutcheon and Schnoor, 2003) 
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would be applicable in different processes dealing with ECs removal in a cost-
effective and sustainable way. 
1.4 Organization of the thesis 
This thesis consists of five chapters. Chapter 1 provides background 
information focusing on increasing concern of detected ECs in the 
environment and the role of plants in ECs removal, followed by descriptions 
on the main objectives of this study. Chapter 2 critically reviews the related 
studies on removal of ECs by plant and soil, as well as the related removal or 
transformation mechanisms of ECs and their implications. The main findings 
from previous works that relate to the present study, as well as the major 
knowledge gaps are discussed in this chapter. Chapter 3 describes the 
materials, methods, and procedures employed in this research. Chapter 4 
provides the results obtained regarding the whole study followed by an  
in-depth discussion and implication of the findings. This chapter covers the 
removal efficiencies and kinetics of ECs in the batch study, the biological 
oxidation process, and also the removal performance of ECs via the 
continuous bioretention column system. In addition, comparisons with 
previous studies are provided. Chapter 5 is dedicated to the conclusions and 
recommendations for future studies. 
  















2.1 Plant-related removal of ECs 
Using plants to clean pollutants from the soil, water, and air – which is called 
phytoremediation – have been studied extensively (Reinhold and Saunders, 
2006; Willey, 2007; White and Newman, 2011; Favas et al., 2014; Iha and 
Bianchini, 2015). In some instances, phytoremediation can be considered as a 
cost-effective option for the removal of soil contamination by heavy metals 
(Amer et al., 2013). In addition, phytoremediation can provide a long-term and 
cost-effective means for waste management of organic matters including 
polychlorinated biphenyls (PCBs), PAHs, excess petroleum hydrocarbons, 
explosives, and nutrients (McCutcheon and Schnoor, 2003). Some studies 
suggest that, in terms of cost effectiveness and environmental friendliness, 
plant-related removal of ECs could be better than conventional WWTPs (Reis 
2 
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and Sakakibara, 2012; Reis et al., 2014). In addition to removal of pollutants 
from contaminated soil and water, removal of airborne pollutants, such as 
volatile organic compounds (VOCs), by different plant species had been 
documented (Claudio, 2011). Plant-related processes that have important roles 
in sequestering and transforming contaminants include phytoextraction, plant-
related microbial degradation, and some enzymatic processes (McCutcheon 
and Schnoor, 2003). 
Although there are many studies examining plant-related removal of pollutants 
such as heavy metals, plant-related removal of ECs has not been well studied. 
Only few studies have shown selected plants possess capabilities to remove 
ECs, which could be due to the different physicochemical properties of ECs. 
These issues are critically reviewed in Sections ‎2.1.1 and ‎2.1.2.  
2.1.1 Kinetics for removal of ECs by plants 
Few studies were conducted to analyze the removal efficiency and kinetics of 
ECs by plants. The findings were inconclusive since there were many 
variables such as batch/continuous feed, initial concentration of ECs, duration 
of study, biomass per volume of feed content and plant species which may 
affect the removal of ECs. Table ‎2-1 summarizes plant-related removal 
efficiencies and kinetics of different ECs. According to this table, wide ranges 
of initial concentration had been selected by different researchers ranging from 
as low as 5 µg L-1 to as high as 151 mg L-1, while period of the study were in 
the range of 2 to 60 days. Removal efficiencies were reported to be between 
15% to greater than 99%.  
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Table ‎2-1 Removal efficiency and first-order kinetic removal rate constants of 












Acetaminophen Brassica juncea  
(Indian/Chinese Mustard) 
Ter. 15(a) – 2 Batch 151 mg L-1 
 Hordeum vulgare (Barly) Ter. 83(i) – 8 Batch 15.1 mg L-1 
 Hordeum vulgare (Barly) Ter. 42(i) – 8 Batch 30.2 mg L-1 
 Phragmites australis Aq. 16(i) – 8 Batch 15.1 mg L-1 
Caffeine Ceratophyllum demersum Aq. 81 ± 2(b) 0.055 38 Batch 10 µg L-1 
 Elodea canadensis Aq. 94 ± 2(b) 0.076 38 Batch 10 µg L-1 
 Lemna minor Aq. 99 ± 1(b) 0.182 38 Batch 10 µg L-1 
 Salvinia molesta Aq. 99 ± 1(b) 0.135 38 Batch 10 µg L-1 
 Scirpus validus Aq. 93(c) – 3 Batch 0.5 mg L-1 
 Scirpus validus Aq. 74(c) – 3 Batch 1.0 mg L-1 
 Scirpus validus Aq. 52(c) – 3 Batch 2.0 mg L-1 
 Typha angustifolia Aq. 90 ± 5(d) 0.519 4 Cont. 25 µg L-1 
 Typha angustifolia Aq. 93 ± 4(d) 0.565 4 Batch 25 µg L-1 
Carbamazepine Canna indica Ter. 42.71(e) – 60 Batch 5 µg L-1 
 Carex hirta Ter. 32.91(e) – 60 Batch 5 µg L-1 
 Miscanthus sinensis Ter. 29.01(e) – 60 Batch 5 µg L-1 
 Phragmites australis Aq. 53.11(e) – 60 Batch 5 µg L-1 
 Typha angustifolia Aq. 27 ± 7(d) 0.111 4 Batch 25 µg L-1 
 Typha angustifolia Aq. 28 ± 10(d) 0.096 4 Cont. 25 µg L-1 
 Zantedeschia aethiopica Ter. 16.61(e) – 60 Batch 5 µg L-1 
Clofibric acid Ceratophyllum demersum Aq. 17 ± 3(b) 0.005 38 Batch 10 µg L-1 
 Elodea canadensis Aq. 23 ± 2(b) 0.009 38 Batch 10 µg L-1 
 Lactuca sativa (lettuce) Ter. 80-95(f) 0.103 22 Batch 100 µg L-1 
 Lemna minor Aq. 16 ± 4(b) 0.006 38 Batch 10 µg L-1 
 Salvinia molesta Aq. 18 ± 4(b) 0.006 38 Batch 10 µg L-1 
 Spathiphyllum sp. Ter. 75-80(f) 0.041 60 Batch 100 µg L-1 
 Typha angustifolia Aq. 34 ±14(d) 0.098 4 Batch 25 µg L-1 
 Typha angustifolia Aq. 39 ± 15(d) 0.099 4 Cont. 25 µg L-1 
Diclofenac Typha angustifolia Aq. 44 ± 14(d) 0.169 4 Cont. 25 µg L-1 
 Typha angustifolia Aq. 55 ± 11(d) 0.226 4 Batch 25 µg L-1 
Fluoxetine Lemna minor Aq. 44.4 ± 3.9(g) – 1 Batch 3 mg L-1 
Hydrocinnamic acid Lactuca sativa (lettuce) Ter. 99(f) 0.179 30 Batch 100 µg L-1 
 Spathiphyllum sp. Ter. 99(f) 0.043 30 Batch 100 µg L-1 
Ibuprofen Ceratophyllum demersum Aq. 52 ± 2(b) 0.020 38 Batch 10 µg L-1 
 Elodea canadensis Aq. 77 ± 2(b) 0.043 38 Batch 10 µg L-1 
 Lactuca sativa (lettuce) Ter. 80-95(f) 0.064 22 Batch 100 µg L-1 
 Lemna minor Aq. 44 ± 3(b) 0.016 38 Batch 0.01 mg L-1 
 Lemna minor Aq. 47.5 ± 3.9(g) – 9 Batch 2 mg L-1 
 Salvinia molesta Aq. 48 ± 5(b) 0.006 38 Batch 10 µg L-1 
 Spathiphyllum sp. Ter. 75-80(f) 0.039 60 Batch 100 µg L-1 
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Ibuprofen Typha angustifolia Aq. 72 ± 10(d) 0.367 4 Cont. 25 µg L-1 
 Typha angustifolia Aq. 83 ± 12(d) 0.480 4 Batch 25 µg L-1 
 Typha spp. Aq. >99(h) – 21 Batch 20 µg L-1 
 Hordeum vulgare (Barly) Ter. 58(i) – 8 Batch 20.6 mg L-1 
 Hordeum vulgare (Barly) Ter. 17(i) – 8 Batch 41.3 mg L-1 
 Phragmites australis Aq. 60(i) – 8 Batch 20.6 mg L-1 
 Phragmites australis Aq. 49(i) – 8 Batch 41.3 mg L-1 
Ketoprofen Typha angustifolia Aq. 92 ± 4(d) 0.818 4 Cont. 25 µg L-1 
 Typha angustifolia Aq. 95 ± 2(d) 0.947 4 Batch 25 µg L-1 
Naproxen Lactuca sativa (lettuce) Ter. 80-95(f) 0.117 22 Batch 100 µg L-1 
 
Spathiphyllum sp. Ter. 75-80(f) 0.025 60 Batch 100 µg L-1 
 Typha angustifolia Aq. 91 ± 6(d) 0.506 4 Batch 25 µg L-1 
 Typha angustifolia Aq. 93 ± 7(d) 0.703 4 Cont. 25 µg L-1 
Salicylic acid Typha angustifolia Aq. 89 ± 6(d) 0.536 4 Cont. 25 µg L-1 
 Typha angustifolia Aq. 94 ± 5(d) 0.617 4 Batch 25 µg L-1 
Tonalide Lactuca sativa (lettuce) Ter. 80-95(f) 0.050 22 Batch 100 µg L-1 
 Spathiphyllum sp. Ter. 75-80(f) 0.022 60 Batch 100 µg L-1 
Triclosan Lactuca sativa (lettuce) Ter. 80-95(f) 0.081 22 Batch 100 µg L-1 
 
Spathiphyllum sp. Ter. 75-80(f) 0.032 60 Batch 100 µg L-1 
Ter. : Terrestrial; Aq. : Aquatic; Eff. : Efficiency; Cont. : Contineous 
(a)
  Bartha et al. (2010)  
(b) 
Matamoros et al. (2012b) 
(c) 
Zhang et al. (2013b) 
(d)
  Zhang et al. (2012a) 
(e) 
Macci et al. (2015) 
(f) 
Calderon-Preciado et al. (2012) 
(g)
  Reinhold et al. (2010) 
(h) 
Dordio et al. (2011a) 
(i) 
Kotyza et al. (2010) 
  





. First-order or pseudo-first-order kinetic models have often been 
reported in the removal of ECs by plants or in plant-based systems like CWs 
(Trapp, 2000; Dordio et al., 2010; Dordio et al., 2011a; Ashauer et al., 2012; 
Matamoros et al., 2012b). 
Zhang et al. (2012a) compared the removal of eight pharmaceuticals from 
synthetic wastewater in lab-scale CWs. They showed with the exceptions of 
carbamazepine, naproxen and clofibric acid, removal of targeted compounds 
were significantly (p < 0.05) enhanced under batch feeding mode. The CWs 
also demonstrated to have higher removal efficiencies for some PPCPs, such 
as galaxolide, tonalide, and carbamazepine, compared to conventional 
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WWTPs which could be due to the higher adsorption potential of CWs (Zhang 
et al., 2014). 
Initial concentration was also noted to be an influencing factor. In a 8-days 
hydroponic experiment of barley (Hordeum vulgare), Kotyza et al. (2010) 
showed that percentage of mass removal of ibuprofen with 0.1 mM initial 
concentration was 3.4 times higher than that for 0.2 mM initial concentration. 
Zhang et al. (2013b) showed caffeine with lower initial concentration could be 
removed at higher removal efficiency by Scirpus validus. The plant uptake for 
caffeine with initial concentration of 0.5 mg L
-1
 was 47% while with initial 
concentration of 2 mg L
-1
 the removal percentage by plant uptake reduced to 
14% in a 21 days period. However, some contradictory reports were also 
noted. The findings from Matamoros et al. (2012b) and Reinhold et al. 
(2010)’s studies on ibuprofen removal using Lemna minor (Table ‎2-1) showed 
ibuprofen with 200 times higher initial concentration only required one quarter 
of the period to achieve same removal efficiency. This discrepancy could be 
due to different biomass per volume of flask where Reinhold et al. (2010) used 
almost 10 times more biomass per volume compared with that used by 
Matamoros et al. (2012b). 
The plant species used are also a major influencing factor on the ECs removal 
efficiency. However, there are varying EC removal result for selected ECs 
using different plant species. Figure ‎2-1 illustrates Box-and-whisker plot of 
the removal efficiency of ECs by various plants within a narrow range of 
initial concentration (in the range of 5 to 25 µg L-1) to analyze the potential 
variance in the EC removals using different plant species. Numbers in 
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parenthesis close to ECs’ names represents number of ECs that is included in 
drawing of this plot. Although available data from literature may be limited, 
the analysis from Figure ‎2-1 provides an indication that the removal of 
ibuprofen can be related to plant species used while a compound such as 
caffeine can be removed by most of the studied plants. Typha spp. was 
reported to achieve more than 99% removal of ibuprofen at 20 µg L-1 initial 
concentration (Dordio et al., 2011a), while Lemna minor only attained half the 
removal at 10 µg L-1 (Matamoros et al., 2012b). Compounds such as 
carbamazepine and clofibric acid were noted to be poorly removed by the 
plants studied.  
 
Figure ‎2-1 Box-and-whisker plot of the removal efficiency of ECs by various 
plants. (n=number of plant species) 
 
Different compounds can also be removed to various extents by same plant 
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removed 7 different ECs, namely 2-methyl-4-chlorophenoxyacetic acid 
(MCPA), clofibric acid, naproxen, ibuprofen, triclosan, diclofenac and 
caffeine to a wide range between 6 to 99% during a 38-days period. 
Physicochemical properties of ECs may affect the removal efficiency by 
plants. However, a specific relationship between physicochemical properties 
and removal efficiencies of ECs by plants were not generally accepted by 
researchers. 
Besides the abovementioned variables which may affect the EC removal 
efficiencies, other factors such as adsorption, photodegradation and microbial 
activities are also influencing factors on the removal of ECs based on setup for 
each experiment. For instance, Matamoros et al. (2012b) reported 77% 
removal efficiency of ibuprofen by Elodea canadensis in a 38 days period 
while in the uncovered control (unplanted) container 33% removal was 
reported. This persumably was due to adsorption to the container and 
photodegradaion.  
Reinhold et al. (2010) showed 47.5 ± 3.9% reduction of ibuprofen in aqueous 
media of a reactor planted with duckweed within 9 days period. They reported 
microbial degradations besides plant-associated processes were contributing to 
the fate of ibuprofen.  
As noted from Table ‎2-1 and following examples, there are different factors to 
consider for studies on effect of plants for removal of ECs. In addition, based 
on the few studies available, terrestrial plants, namely Lactuca sativa and 
Spathiphyllum sp., can remove selected ECs efficiently, such as clofibric acid, 
hydrocinnamic acid and ibuprofen (Calderon-Preciado et al., 2012). However, 
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more studies are needed to identify the potential role of terrestrial plants which 
may lead to develop of new systems dealing with ECs. 
Another issue is the lack of knowledge regarding the effect of plants on the 
removal of other commonly used ECs such as EDCs and ASs. These two types 
of ECs continuously enter into the environment but their removals by plants 
are not addressed in the literature.  
Although there are just few studies related to the removal of ECs such as 
PPCPs by plants, comparing removal efficiency of PPCPs with conventional 
WWTPs shows plants or plant-based systems can be as effective as 
conventional WWTPs and in some cases even better than conventional 
WWTPs for the removal of PPCPs. Table ‎2-2 shows removal efficiencies of 
some ECs by plants and conventional WWTPs. 
Table ‎2-2 Removal efficiency of different ECs by various plant species and 
conventional WWTPs 
 Removal efficiency (%) 
Compound Aquatic plants Terrestrial plants Conventional WWTPs 
Caffeine 52(a)-99(b) – 94(g),93(h),99(i) 
Carbamazepine 27(c)-53(d) 16(d)-42(d) 0(i),22(g),30(j) 
Clofibric acid 16(b)-39(c) 75(e)-95(e) 52(i) 
Diclofenac 44(c)-55(c) – 7(k)-63(k),23(l),33(i),44(g) 
Ibuprofen 44(b)-99(f) 75(e)-95(e) 41(m),60-70(n),90(g),96(i) 
Ketoprofen 92(c)-95(c) – 30(h),48-69(r),54(p,q) 
Naproxen 91(c)-93(c) 75(e)-95(e) 40-55(n), 47(g), 55-98(s), 66(t) 
Tonalide – 75(e)-95(e) 45-50(n), 63(m), 70(i) 
Triclosan – 75(e)-95(e) 89(g) 
(a)  Zhang et al. (2013b) (b)  Matamoros et al. (2012b) (c)  Zhang et al. (2012a) 
(d)  Macci et al. (2015) (e)  Calderon-Preciado et al. (2012) (f)  Dordio et al. (2011a) 
(g)
  USEPA (2010) 
(h)
  Camacho-Muñoz et al. (2012) 
(i)
  Ternes et al. (2007) 
(j)
  Bendz et al. (2005) 
(k)
  Clara et al. (2005) 
(l)
  Quintana et al. (2005) 
(m)
  Carballa et al. (2007) 
(n)
  Carballa et al. (2004) 
(p)
  Ternes et al. (2004a) 
(q)
  Ternes et al. (2004b) 
(r)
  Daughton and Ternes (1999) 
(s)
  Lindqvist et al. (2005) 
(t)
  Ternes (1998) 
 
As presented in Table ‎2-2, some compounds such as ketoprofen, naproxen, 
tonalide and triclosan, plants can achieve higher removal efficiency compared 
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to conventional WWTPs. This shows possible application of plant-based 
systems as secondary treatment (Zhang et al., 2014) or for polishing of 
effluent of WWTPs which may contain residue of ECs. 
Plant-based systems can be considered as a sustainable approach dealing with 
ECs removal. However, more studies needed to be addressed on issues such as 
removal efficiency and kinetics of ECs by plants including new plant species, 
and effect of initial concentration and rhizosphere’s microbial activity on the 
ECs removal. 
2.1.2 Relation between removal efficiencies and physicochemical 
properties of ECs ………………  
The relation between plant-related removal and physicochemical properties of 
ECs has not been thoroughly described and there were inconsistencies 
between researcher’s findings. Lee et al. (2011) suggested the pH adjusted log 
Kow (log Dow) as an indicator of PPCPs removal efficiencies in biologically 
engineered processes. They reported an inverse relationship between log Dow 
and the removal efficiencies of several PPCPs (R
2
=0.50). Log Dow represents 
the hydrophobicity of ionic organic compounds as a function of pH. This can 
be calculated using Equation 2-1 (Matamoros et al., 2012b; Zhang et al., 
2014).  
log𝐷𝑜𝑤 = log𝐾𝑜𝑤 + log
1




Where Dow is octanol-water distribution coefficient, Kow is octanol-water 
partition coefficient and pKa is ionization constant. 
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In another study, Zhang et al. (2012a) also reported an inverse correlation 
between log Dow and removal efficiencies of eight selected PPCPs in planted 
CWs (R
2
=0.29). However, a later study by Zhang et al. (2014) showed the use 
of log Dow as a PPCPs removal indicator appeared to be less than satisfactory 
in plant-based systems. Calderon-Preciado et al. (2012) also reported that they 
could not find a significant correlation between removal of compounds from 
the medium and log Dow. Table ‎2-3 summarizes the relation between removal 
and physicochemical properties of ECs which showed contradictory findings 
in some studies. Parameters such as molecular weight (MW), pKa, log Kow, 
log Dow, and water solubility (Sw) were suggested to be influencing in plant-
related EC removals. 
Table ‎2-3 Relation between removal and physicochemical properties of ECs 
 
Physicochemical properties 
Plant/System MW pKa log Kow logDow Sw 
Relation between first-order removal 
rates and physicochemical properties 
     
Lactuca sativa (lettuce)a (–) No Data (–) No Data No Data 
Salvinia molestab NS No Data NS (+) NS 
Elodea canadensisb (+) No Data NS (+) NS 
Ceratophyllum demersumb (+) No Data NS (+) NS 
Lemna minorb NS No Data NS NS NS 
Relation between removal efficiencies 
and physicochemical properties 
     
Constructed Wetlandsc No Data NS No Data (–) No Data 
Pead NS No Data NS NS NS 
Constructed Wetlandse No Data No Data No Data NS No Data 
Constructed Wetlandsf No Data No Data No Data (+) No Data 
(-): Negative relation (P-value <0.05); (+): Positive correlation (P-value <0.05); NS: Not Significant (P-
value>0.05) 
a  Calderon-Preciado et al. (2012)  
b  Matamoros et al. (2012b) 
c  Lee et al. (2011) 
d  Tanoue et al. (2012) 
e  Zhang et al. (2012a) 
f  Lee et al. (2013) 
 
In Table ‎2-3, each row shows reported relation between ECs removal by plant 
species/plant-based system and different physicochemical properties. For 
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instance, it showed that first-order removal rate constant of ECs by Lactuca 
sativa (lettuce) was negatively correlated to MW and log Kow (Calderon-
Preciado et al., 2012). Comparing data in each column of Table ‎2-3, it shows 
finding of different studies regarding relationship between removal rate 
constant/removal efficiency and each physicochemical properties (i.e., MW, 
pKa, log Kow, log Dow, and Sw). For instance, Calderon-Preciado et al. (2012) 
reported a negative relation between molecular weight and the removal rate 
constant while Matamoros et al. (2012b) reported a positive correlation. This 
discrepancy could be due to selection of different plant species in Calderon-
Preciado et al. (2012)’s and Matamoros et al. (2012b)’s studies, since in the 
same study Matamoros et al. (2012b) could not find significant relationship 
between first-order removal rate constant and two other plant species, namely 
Salvinia molesta and Lemna minor, this means that each plant species may act 
differently for the removal of ECs. Therefore, each plant should be tested 
separately to find out possible mechanisms responsible for the removal of 
ECs.  
The controlling mechanism responsible for the removal of ECs would be 
dependent on the physicochemical properties of ECs. Lee et al. (2011) studied 
removal of 9 different pharmaceuticals and 5 carbamazepine metabolites 
through CW. They showed removals of these ECs were negatively correlated 
to log Dow. However, in another study, removal of pharmaceutical metabolites 
were demonstrated to be correlated to log Dow (Lee et al., 2013). This showed 
that the removal process of ECs could be complex due to the effect of various 
parameters that may have promoting or inhibiting effects on the ECs removal 
  
Chapter 2 Literature Review _______________________________________ 
Page | 32 
 
by plants. Therefore, more plant-based studies needed to be done to determine 
the influencing physicochemical properties on the removal of ECs. 
2.2 Removal pathways of ECs by plants  
ECs that are water-soluble and hydrophobic enough to pass through the 
membrane and lipid bilayers, respectively, they may follow passive or active 
uptake pathways. Once ECs are taken up, they can be transformed via 
different pathways, such as chemical modification, conjugation, or 
sequestration (Zhang et al., 2014). Chemical modification may include 
oxidation, reduction, or hydrolysis. Conjugation of xenobiotics involves 
substitution reactions, usually by tripeptide glutathione. Normally, glutathione 
conjugation reduces the toxicity of xenobiotic significantly while increasing 
polarity of the conjugate (Edwards et al., 2011). In sequestration, the 
conjugate may sequestrate in plant cell vacuoles or may bind to plant cell wall 
(Schwitzguébel et al., 2011). In the following sections, the mechanisms of ECs 
uptake, the fate of ECs passing through plants, and the effects of biological 
oxidation on ECs removal are reviewed.  
2.2.1 Uptake mechanisms of ECs by plants 
Some organic contaminants, including ECs, can be removed by plants. Uptake 
pathways by plants are classified into three categories: (i) uptake through 
roots, (ii) uptake in the form of vapor from the surrounding atmosphere, and 
(iii) diffusion of contaminants that are deposited on plant’s surfaces 
(Calderon-Preciado et al., 2012). The uptake pathway of organic pollutants by 
plant is illustrated in Figure ‎2-2. One of the most important uptake pathways 
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for pollutants is through roots. The uptake mechanism is different for organic 
and inorganic contaminants. There are no available transporters in plant 
membranes for anthropogenic organic compounds. It is expected that these 
xenobiotic compounds enter plants by passive uptake, or diffusion. Passive 
uptake, can take place when the xenobiotics are at a higher chemical potential 
in the media compared with the plant’s root (Mathews and Reinhold, 2013). 
Active uptake on the other hand would take place against a chemical potential 
gradient with the expense of energy (Chiou et al., 2001; Mathews and 
Reinhold, 2013). For compounds that exhibit a hormone-like structure, active 
transport could be a possible way of transportation into plants (Calderon-
Preciado et al., 2012). 
 
 
Figure ‎2-2 Simplified pollutant uptake mechanism by plants; the mechanism is a 
function of the following: V/P (vapor-particle partitioning), SA (plant surface 
area), Koa (octanol-air partition coefficient), lipids (plant lipid concentration), 
Kow (octanol-water partition coefficient), H (Henry's law constant), Sw (water 












f (V/P, Koa, SA, Lipids) 
f (Kow) 
f (Kow) 
f (Sw, H, Kow, Orgs) 
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Organic contaminants can be removed by plants through partitioning of 
pollutants to the roots and subsequently translocated by xylem in the plant 
(water and nutrients transported by xylem from the roots to leaves by means of 
transpiration). In addition, organic pollutants present in the atmosphere may 
enter the plant by particle-phase or gas-phase deposition on the waxy tissue of 
leaves cuticle or by uptake through stomata, which is then translocated by 
phloem (photosynthates transported to the roots and other plant tissue by 
phloem) (Simonich and Hites, 1995). 
Uptake pathways for organic pollutants may be a function of: (a) physical and 
chemical properties of pollutant, e.g. water solubility (Sw), lipophilicity, vapor 
pressure (controls vapor particle partitioning), octanol-water partitioning 
coefficient (Kow), and Henry’s law constant; (b) environmental conditions such 
as temperature, pH, and organic content of the soil; or (c) the plant species, 
which relates to the surface area and lipid content (Simonich and Hites, 1995). 
Kow is one of the most important characteristics of organic pollutants that may 
influence plant uptake process. Based on work by McCutcheon and Schnoor 
(2003), the highest plant uptake occurred for compounds with log Kow between 
1 and 4. According to Briggs et al. (1982), the maximum concentration of 
nonionic compounds in the transpiration stream of a plant occurred for 
compounds with log Kow between 1.8 and 3.1. The optimum range for uptake 
of organic pollutants was defined by Pilon-Smits (2005) as log Kow in the 
range of 0.5 to 3.5. In this range, compounds are water-soluble enough to 
travel into the fluids of cells and also hydrophobic enough to pass through 
membranes into the lipid bilayers. The importance of this range is that log Kow 
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of many ECs such as PPCPs, EDCs and ASs are in the range of 0.5 to 4 which 
can be taken up by plants  (Limmer, 2014; Schaffer et al., 2015).  
2.2.2 Metabolism of ECs in plant tissues 
Uptake and metabolism, as active plant processes, are essential modes for 
removal of organic pollutants. It was shown that fluorinated and chlorinated 
phenols can be metabolized by duckweed (Reinhold et al., 2010) by process 
such as glycosidation (Day and Saunders, 2004). Uptake and metabolism 
processes for organic pollutants related to the combination of biochemical 
reactions include transformation of pollutants, conjugation of metabolites with 
macromolecules, and transfer of conjugated products into cell walls and 
vacuoles (Reinhold et al., 2010). 
Organic contaminants removed by plants can be accumulated or 
detoxified/metabolized. Based on the “green-liver” concept (Sandermann, 
1994), plant detoxification shows strong similarities to liver function in 
mammals. During the metabolism of organic pollutants in plants, pollutant 
deactivation takes place through specific enzymatic reactions. Then, 
detoxification occurs by conjugation followed by sequestration of the 
compounds through susceptible organelles (Coleman et al., 2002; Bartha et al., 
2010). Removal of some organic contaminants, e.g., aromatic compounds, 
EDCs, and several PPCPs, using extracted substances from plants (e.g., 
enzymes) or plant uptake has been studied by a number of researchers (Brain 
et al., 2004; He et al., 2005; Scheytt et al., 2005; Rahman et al., 2009; Bartha 
et al., 2010; Dordio et al., 2011b; Farrell, 2012; Reis and Sakakibara, 2012). 
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 Plant enzymes such as horseradish peroxidase had been applied for treating 
30 different aromatic amines and phenols. Oxidation of these aromatic 
compounds with H2O2 was demonstrated feasible with removal efficiency of 
more than 95% (Klibanov and Morris, 1981). Caza et al. (1999) reported up to 
95% removal of phenolic compounds from synthetic wastewater using 
soybean peroxidase. Based on a study by Reis and Sakakibara (2012), 
extracted peroxidases from aquatic plants equivalent to 10 g-FW L
-1
 (gram of 
fresh weight per liter), which is about 1 mL of crude enzyme in every 100 mL, 
showed relatively high removal efficiency for selected EDCs. They showed 
peroxidases were able to remove phenolic EDCs in the presence of H2O2 over 
a wide pH range from 3 to 9 by the following catalyzed reaction of 
peroxidases:  
EDCs + H2O2  Products + H2O2  (Eq. ‎2-2) 
Brain et al. (2004) studied the phytotoxicity of 25 PPCPs, including 22 
antibiotics, on the aquatic plant, Lemna gibba, within a concentration range of 
0 to 1000 µg L-1. They found that members of the tetracycline, sulfonamide, 
and fluoroquinolone classes of antibiotics showed significant phytotoxicity. 
The phytotoxicity effects of these groups of compound are due to inhibition of 
protein synthesis, folate antagonistic property and inhibition of DNA gyrase 
activity, respectively. Despite the toxicity effect of some antibiotic on plants, 
other ECs such as PPCPs can be taken up and metabolized by plants. 
According to Brain et al. (2004), the nicotine metabolites cotinine, ibuprofen, 
and fluoxetine (which belong to the selective serotonin reuptake inhibitor 
group) did not cause a phytotoxic response. Acetaminophen uptake and 
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translocation from a medium containing Indian mustard was reported during 
the first 72 hours by Bartha et al. (2010). They detected free acetaminophen in 
both root and leaf tissues with concentrations of 1.15±0.10 and 0.71±0.08  
μmol (g-FW)-1, respectively, after 24 hours of acetaminophen exposure at a 
concentration of 1 mM. In a related study, Bartha et al. (2011) reported the 
formation of two independent metabolites of acetaminophen, showing 
similarities between the detoxification systems of plant and mammals. They 
suggested that glucosidation of xenobiotics in plants was the mirror of the 
detoxification pathway of glucuronisation in mammals.  
In summary, the fate, detoxification, and metabolism mechanisms of ECs in 
plant tissue have not been well studied and more research is needed in this 
field. One possible reaction in the metabolism of ECs is the role of oxidation 
which is discussed in Section ‎2.2.3. 
2.2.3 Effect of biological oxidation process on the removal of ECs 
As ECs are xenobiotic compounds to plants, exposure to ECs create abiotic 
stress condition that may lead to plant reactions (Dordio et al., 2011b). In the 
case of biotic or abiotic stresses on plants, hydrogen peroxide (H2O2) acts as a 
signaling molecule. The increase of reactive oxygen species (ROS), such as 
H2O2, seems to happen as a response to most, if not all, biotic and abiotic 
stressors including drought, extreme temperatures, salt, nutrient deﬁciency, or 
the presence of xenobiotics and air pollution (Smirnoff, 1993; Mahan, 1994; 
Iturbe-Ormaetxe et al., 1995; Lin and Kao, 2000; Dordio et al., 2011b). 
Although the role of H2O2 in response to environmental stress is complicated, 
most studies showed the endogenous level of H2O2 increases in response to 
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stress and the magnitude of this response is directly related to severity of stress 
(Lin and Kao, 2000; Jubany-Marí et al., 2010; Reis and Sakakibara, 2012). 
Yang et al. (2009) demonstrated the level of H2O2 increased by 33% and 91% 
for mild and severe salt stress, respectively. The normal levels of endogenous 
H2O2 in plants are different for various plant species. Table ‎2-4 shows level of 
endogenous H2O2 (normal condition) in some plant species. As seen from this 
table, the levels of endogenous H2O2, vary widely in the range of 0.17 to 60 
µmol (g-FW)-1 for the reported plants. 
 




Ceratophyllum demersum Aquatic, submerged 0.17 (Reis and Sakakibara, 2012) 
Fontinalis antipyretica  Aquatic, submerged 0.59 (Reis and Sakakibara, 2012) 
Limnobium laevigatum  Aquatic, Floating 0.59 (Reis and Sakakibara, 2012) 
Bruguiera parviflora Aquatic, mangrove 0.089 (Cheeseman, 2006) 
poplar leaves Terrestrial 0.14 (Yang et al., 2009) 
Tobacco leaf Terrestrial 0.15 (Cheeseman, 2006) 
Bean root Terrestrial 0.15 (Singh et al., 2007) 
Pear fruit Terrestrial 0.35 (Cheeseman, 2006) 
Pear fruit (ripening) Terrestrial 0.8 (Cheeseman, 2006) 
Calendula officinalis Terrestrial 6 (Chaparzadeh et al., 2004) 
wild-type plants  Terrestrial 5-15 (Velikova and Loreto, 2005) 
Poa pratensis Terrestrial 60 (He et al., 2005) 
 
Hydrogen peroxide in plants plays different roles. At low concentration it acts 
as a defensive signal molecule to induce resistance to various stresses. At high 
concentration, it participates in the process of cell death (Quan et al., 2008). 
Therefore, plants can produce and regulate the level of H2O2 to some extent. 
In addition, H2O2 has different tasks in plants, including reinforcement of 
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plant cell walls, killing pathogens directly in the case of plant-microbe 
interactions, abscission signaling, and regulating the plant cell cycle (Quan et 
al., 2008; Sakamoto et al., 2008). 
Endogenous H2O2 can be converted to 
OH enzymatically or non-
enzymatically. It was shown that OH can be generated enzymatically from O2 
by horseradish peroxidase (HRP) in a complex reaction cycle involving 
reduced nicotinamide adenine dinucleotide (NADH) or dihydroxyfumarate 
(DHF) as a reducing substrate (Chen and Schopfer, 1999). The generation of 
OH, either non-enzymatically with Fenton reaction (H2O2+Fe
2+
) or with HRP 
in the presence of O2 and NADH, on cell walls isolated from maize coleoptiles 
or soybean (Glycine max) hypocotyls was investigated by Schweikert et al. 
(2002). Ferric iron (Fe
3+
) as native or added iron oxides can also catalyze the 
Fenton-like reaction (Yap et al., 2011). In the Haber-Weiss reaction, which is 
a Fe-catalyzed reaction, Fe
2+
 is produced by reducing trace amounts of Fe
3+  
(Ranieri et al., 2001). Fe
2+
 then reacts with H2O2 to form 
OH (Fenton 
reaction) as shown in Equations 2-3 and 2-4. 
Fe
2+




 + OH  (Eq. ‎2-3) 
O2
− + H2O2  O2 + OH
-
 + OH (Eq. ‎2-4) 
Hydroxyl radicals may be produced in either extracellular space (cell wall) or 
in cytosol, as shown by Rodrigo-Moreno et al. (2013) for Arabidopsis root 
tips. Hydroxyl radicals can react non-selectively with different organic ECs, 
which is the main reaction pathway of advanced oxidation processes (AOPs) 
in water and wastewater treatment. Related to this concept, Reis and 
Sakakibara (2012) showed PCP was removed by different types of aquatic 
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plants in the presence of Fe
2+
 in continuous treatment. They identified the 
consumption of endogenous H2O2 along with the removal of pollutants. This 
suggests the biological Fenton reaction play an essential role in the removal of 
PCP. However, they did not mention about the possible change of Fe
2+
 to iron 
oxide or iron hydroxide that is not available to plant. 
The concept of biological oxidation for removal of ECs is relatively new and 
only a few studies have examined this subject (Reis and Sakakibara, 2012; 
Reis et al., 2013; Reis et al., 2014). Therefore, further investigation on the 
effect of biological oxidation, which is also referred as BAOP, and its 
application in plant-soil systems are needed. 
2.3 Iron sources for plants’ use 
Iron is an essential element which participates in metabolic reactions and is 
incorporated into molecular structures (Pierson and Clark, 1984) or plants. 
Iron plays a critical role in chlorophyll formation, photosynthetic electron 
transport, and numerous enzymatic reactions (Nowakowski, 2012). Moreover, 





, which may produce OH (Ranieri et al., 2001).  
Iron deficiency is a yield-limiting factor in agricultural products, and it 
depresses leaf photosynthetic and transpiration rates (Hansen et al., 2006; 
Roosta and Mohsenian, 2012). This could be due to the combination of limited 
bioavailability of soil iron to plants and the lack of iron deficiency response 
mechanisms in plants (Hansen et al., 2006). Increasing the amount of 
accessible iron for plants can be carried out by adding Fe fertilizers to soils or 
irrigation water (Roosta and Mohsenian, 2012). Table ‎2-5 shows common 
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types of Fe-fertilizers. As presented in Table ‎2-5, the iron percentage varies in 
different Fe fertilizers. However, plants’ access to iron varies based on soil 
conditions (wet or dry) and soil pH. In general, low soil pH and wet conditions 
increase solubility of iron leading to more accessible iron for plant uptake 
(Nowakowski, 2012).  
Table ‎2-5 Common iron fertilizers (Nowakowski, 2012) 
Iron Source Formula Approx. Fe (%) 
Ferrous Sulfate FeSO4 20 
Ferric Sulfate Fe2(SO4)3 23 
Iron Chelate EDTA*, DTPA**, EDDHA***, etc. 1-14 
Ferric Sucrate Fe2O3 - Organic Complex 50 
Ferrous Oxide FeO 77 
Ferric Oxide Fe2O3 69 
Natural Organic Biosolids, composts 5-11 
* EDTA: Ethylenediaminetetraacetic acid 
** DTPA: Diethylene triamine pentaacetic acid 
*** EDDHA: Ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid) 
 
Despite effect of soil conditions on the availability of iron, plants have 
different mechanisms to cope with iron deficiency. Commonly, the iron in soil 
is poorly available for plants as it is usually in oxidized form. Therefore, 
plants use ferric-chelate reductase enzymes (FRO) to reduce iron into a more 
soluble ferrous form (Del C Orozco-Mosqueda et al., 2012). A sample of FRO 
family member is presented in Figure ‎2-3.  
Some plants, such as Money plants, have an additional strategy as a response 
to Fe-deficiency stress. As suggested by Mattis and Hershey (1992), Money 
plants can decrease the soil pH near the root area by secretion of enzymes. 
They showed that in the presence of 6.3 mM Fe2O3 and a pH under 6, Money 
plants did not become chlorotic which is a sign of Fe deficiency.  
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In addition to the capability of some plants to cope with iron deficiency, 
microbial communities in soil convert iron from ferric ions (Fe
3+
) into 
bioaccessible form ferrous ions (Fe
2+
) for plants uptake (Bidlack et al., 2011). 
This cycle takes place in nature by means of microbial activities or chemical 
reduction/oxidation (Akob, 2012). The iron cycle in soil is presented in 
Figure ‎2-4. 
 
Figure ‎2-3 FRO family members and iron transporters in an Arabidopsis leaf 
cell. The molecular components identified to function in organellar iron 
transport include FRO7, a chloroplast ferric chelate reductase, PIC1, a 
chloroplast iron importer; VIT1, a vacuolar iron importer, and Nramp3/4 which 
redundantly export iron from the vacuole. Two ferric chelate reductases, FRO8 


































Chapter 2 Literature Review _______________________________________ 
Page | 43 
 
 
Figure ‎2-4 Iron cycle in soil (adapted from Lu et al., 2010; Akob, 2012) 
 
Iron plays an essential role on the oxidation process which may have a role on 
the removal of ECs. The effect of iron on the removal efficiency of selected 
ECs by Money plant is needed to be further evaluated. 
2.4 Fate and transport of ECs in soil 
A large number of ECs at varing concentrations have been found in soil 
samples. This is evident in the reported ECs concentrations in soil samples 
(Table ‎2-6). ECs may be transferred onto soil from treated wastewater, 
biosolids, or when manure are applied to land (Dodgen, 2014). Other possible 
soil contamination pathways include leakage from sewer systems (Ellis and 
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Table ‎2-6 Concentrations of selected ECs in soil 
 Conc. (µg per Kg of soil)  
Compound Mean Max Reference 
Pharmaceuticals/EDCs    
17β‐Estradiol 0.17 3.33 Karnjanapiboonwong et al. (2011) 
Carbamazepine 1.4 5.5 Walters et al. (2010) 
Clofibric Acid 3.5 9 Xu et al. (2008) 
Diazepam 4.65 – Vazquez-Roig et al. (2010) 
Fluoxetine 11 17 Walters et al. (2010) 
Gemfibrozil 1.4 27 Walters et al. (2010) 
Ibuprofen 18.2 318.5 Karnjanapiboonwong et al. (2011) 
Naproxen 3 9.5 Xu et al. (2008) 
Trimethoprim 2.6 – Chen et al. (2011) 
Sulfamethoxazole 30 – Stoob et al. (2006) 
Personal care products    
Triclosan 1.8 – Chen et al. (2011) 
Others    
4‐Nonylphenol 14.2 60.3 Chen et al. (2011) 
Bisphenol A 4.3 – Chen et al. (2011) 
Perfluorooctane sulfonate 2 483 Sepulvado et al. (2011) 
 
ECs such as carbamazepine, erythromycin, and fluoxetine have been detected 
in soil irrigated with reclaimed water, and the concentrations of detected 
compounds varied with the irrigation seasons (Kinney et al., 2006). Based on a 
study by Scheytt et al. (2007), clofibric acid was transported untransformed 
through unsaturated soil column while ibuprofen and diclofenac were most 
likely transformed while passing through the soil column. Xu et al. (2009a) 
studied the adsorption and degradation of six different PPCPs in four types of 
agricultural soil. They showed that the degradation of these six compounds 
_
 
including triclosan, bisphenol A, clofibric acid, naproxen, diclofenac, and 
ibuprofen 
_
 generally followed first-order exponential decay kinetics, which 
appeared to be influenced by the soil clay content and organic matter. It was 
also found that microbial activity could play a significant role in the 
degradation process through soil. According to Hong et al. (2006), the removal 
process of contaminants such as oil and grease from soil was predominantly 
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via sorption and biodegradation. These two major pathways are discussed in 
detail in Sections ‎2.4.1 and ‎2.4.2. 
2.4.1 Sorption  
Sorption is one of the main factors affecting the fate and transport of ECs in 
soil (Drillia et al., 2005). For instance, adsorption of antibiotics to soil was 
reported as the main process that affected translocation or bioavailability 
(Mathews and Reinhold, 2013). Jodeh et al. (2012) showed that PPCPs such as 
ibuprofen and amoxicillin can be removed by adsorption. It was also shown 
that adsorption contributed to the removal of PAHs such as naphthalene, 
which was predominantly (56−73%) removed by adsorption in a soil column 
study (LeFevre et al., 2011).  
A common approach to determine the potential adsorption of ECs is based on 
the chemical characteristic of ECs, namely solid–water distribution coefficient 
or partition coefficient (Kd), which is defined as the ratio of ECs 
concentrations in solid and liquid phases at equilibrium conditions (Omil et 
al., 2010). Mathews and Reinhold (2013) showed higher Kd was related to 
higher adsorption in soil and, hence, lower bioavailability for tetracyclines and 
sulfonamides. Values of Kd may vary for different types of compounds and 
soils and, therefore, are usually determined experimentally (Casey et al., 2004; 
Drillia et al., 2005). Other studies on the effects of Kow on the adsorption of 
chemicals have suggested that lower values of log Kow show higher leaching of 
antibiotics (John et al., 2000; Xia et al., 2005). However, predicting 
partitioning coefficients based on Kow values may not be applicable for 
ionizable compounds. For these compounds, other factors such as pH, 
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hydrogen bonding, and cation exchange may affect the partition coefficient 
(Hsieh and Davis, 2005; Boxall et al., 2006; Lin et al., 2010). Another 
chemical property of ECs, organic carbon adsorption coefficients (Koc), may 
also have a positive effect on adsorption. Balogh et al. (2011) declared a 
negative relation between Koc and the potential to leach chloramphenicol, 
carbamazepine, bezafibrate, and diclofenac through soil. Many studies have 
suggested that ionic strength, pH, and soil organic matter (SOM) are notable 
factors affecting the sorption of PPCPs in soil (Williams and Adamsen, 2006; 
Chefetz et al., 2008; Xu et al., 2009a; Balogh et al., 2011; Yu et al., 2013). 
Although the different factors affecting sorption of ECs are known, adsorption 
behaviors of ECs is relatively difficult to predict as they are related to 
interactions with the compounds’ functional groups, the presence of organic 
matter, or complicated pH-dependent specifications (Kibbey et al., 2007; Xu 
et al., 2009a). Table ‎2-7 summarizes different parameters that may affect the 
adsorption of ECs on soil media. In a plant-soil system for ECs removal, each 
of the two main components, namely plant and soil media, may have a role on 
the removal of ECs that would lead to enhanced total removals of ECs in the 
system. For instance, a persistent compound with low removal rate by plant 
may be removed by adsorption on to soil. However, high adsorption of ECs on 
the soil would reduce the availability of those compounds for plant uptake. 
Nevertheless, if the ECs removal efficiency of the plant-soil system is higher 
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Table ‎2-7 Parameters that affect the ECs adsorption on soil 
Parameter Effect of adsorption Analyzed compounds Reference 
Kd ↑ Adsorption ↑ Tetracyclines,  
Sulfonamides 
(Mathews and Reinhold, 2013) 
Kow ↑ Adsorption ↑ Antibiotics (John et al., 2000; Xia et al., 2005) 




(Williams and Adamsen, 2006; 
Balogh et al., 2011) 
SOM ↑ Adsorption ↑ Carbamazepine, 
Diclofenac, 
Bisphenol A 
(Fent et al., 2003; Williams and 
Adamsen, 2006; Chefetz et al., 2008) 
Ionic strength ↑ Adsorption ↑ Carbamazepine (Chefetz et al., 2008) 




(Foolad et al., 2015) 
↑: increase (e.g., increase in Kd would increase the adsorption of analyzed compounds on soil media. 
 
The importance of soil in the plant-soil system is the potential of soil sorption 
capability by choosing the proper soil characteristics. For instance, soils with 
high organic content (e.g., using compost) may increase the sorption of ECs 
onto soil media which may have a supporting role for plant-soil system to 
decrease the ECs concentration in the system effluent.  
2.4.2 Biodegradation 
One of the major pathways for removal of ECs, such as PPCPs, from the 
environment is biodegradation (Kimura et al., 2007; Xu et al., 2009a; Xu et 
al., 2009b; Balogh et al., 2011). The biological treatment of pollutants is a 
remediation mechanism based on the ability of microorganisms (known as 
bioremediation) or other plant processes (known as phytoremediation) 
(Saiyood et al., 2010). By means of biodegradation, including metabolism and 
cometabolism of microbial activities or plant-related activities, larger 
molecules can be transformed into smaller molecules and sometimes may even 
result in mineralization (Jacobsen et al., 2005; Suárez et al., 2008; Al-Rajab et 
al., 2010).   
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Microbial activity is an important factor that influence the transformation of 
ECs in soil (Thiele-Bruhn, 2003) as microorganism can directly use selected 
types of ECs as a growth substrate (Benotti and Snyder, 2009). It was 
suggested that PPCPs, such as caffeine and naproxen, were removed mainly 
by microbial biodegradation process (Hijosa-Valsero et al., 2010a; Matamoros 
et al., 2012b). Hong et al. (2006) reported microbial biodegradation of 
approximately 90% of initially sorbed petroleum hydrocarbons in the bench-
scale bioretention reactor. However, biodegradation by microbial activity 
plays a minor role for more recalcitrant compounds such as clofibric acid 
(Dordio et al., 2009). In another study, Foolad et al. (2015) showed 
carbamazepine and crotamiton as recalcitrant compounds to microbial 
biodegradation. More studies need to be conducted in order to understand the 
behavior of ECs in microbial biodegradation process. In addition, different 
types of microorganism (e.g., aerobic and anaerobic microorganisms) may 
have different abilities to biodegrade EC compounds.  
Biodegradation can occur under aerobic or anaerobic conditions (Haritash and 
Kaushik, 2009; LeFevre et al., 2012), both of which may favor specific 
compounds. For instance, it was reported that aerobic conditions favored 
removal of ibuprofen and naproxen, while diclofenac was degraded under 
anaerobic conditions (Zwiener and Frimmel, 2003; Quintana et al., 2005). The 
biodegradation of veterinary pharmaceuticals in soil media has mainly been 
reported under aerobic conditions (Thiele-Bruhn, 2003). Carr et al. (2011) 
studied the biological degradation of different estrogen compounds, such as 
EE2, 17β-estradiol, estrone, and estriol, and also two other PPCPs, namely 
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triclosan and ibuprofen in soil under both aerobic and anaerobic conditions. 
They showed that degradation of EE2, estrone and triclosan were slightly 
faster under aerobic condition with half-lives of 0.8, 1.1 and 8.9 days 
compared with half-lives of 2.0, 3.4 and 15.3 days under anaerobic condition, 
respectively. On the other hand, they showed 17β-estradiol and ibuprofen had 
faster degradation under anaerobic condition with half-lives of 1.6 and 41.2 
days compared to aerobic condition with half-lives of 2.1 and 121.9 days 
while estriol showed same degradation rates under both aerobic and anaerobic 
conditions.  
Processes such as sorption and microbial biodegradation are effective for the 
removal of ECs to some extent. However, traces of ECs, such as PPCPs and 
ASs, are still detected in the environment (Ternes et al., 2004b; Tran et al., 
2013; Tran et al., 2014; Hernández et al., 2015). There are just few studies 
regarding the microbial biodegradation of ECs in the soil media. Therefore, 
more studies are needed on the removal of ECs from the environment by 
means of microbial biodegradation.  
2.5 Behavior of ECs in the plant-soil system 
A plant-soil system is composed of a plant, soil, and, presumably, different 
microbial communities. Different ECs have different behaviors in the soil 
column independent of the effects of the plant. ECs may be adsorbed to the 
soil, degraded, mineralized by microbial activities, or just leach out from the 
soil column (Scheytt et al., 2007; Xu et al., 2009a; LeFevre et al., 2011). 
Therefore, some compounds may be removed efficiently, such as caffeine; 
other may be removed moderately, such as ibuprofen; and some compounds, 
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such as diclofenac, may be recalcitrant to removal via the soil column (Lee et 
al., 2011).   
The removal of ECs through soil can benefit from adsorption to soil particles, 
in addition to the positive role of microbial communities in degrading the 
pollutants. The removal of ECs can be improved by introducing plants to the 
system, as the system will benefit from the effect of plant uptake as well as 
microbial biodegradation (Scheytt et al., 2007; Xu et al., 2009a; LeFevre et al., 
2011; Matamoros et al., 2012b). In addition, compounds that are recalcitrant to 
biodegradation may be taken up by plants (Zhang et al., 2012b). For instance, 
uptake of carbamazepine, a recalcitrant compound to microbial 
biodegradation, was reported (Herklotz et al., 2010; Foolad et al., 2015). 
Although there are some studies examining the role of plants – especially 
aquatic plants – and soil columns on the removal of ECs separately, the effect 
of a combined system (plants and soil), on the removal/degradation of ECs has 
not been studied. In a plant-soil system there are unknown parameters in each 
of the three main parts, namely plant, soil and microbial community. Thus, a 
study on the effect of soil-plant system for the removal of ECs would provide 
more evidence for possible application of such systems in the future. 
2.6 Overview 
Removal efficiencies and kinetics of ECs removal by plants have not been 
well studied and non-edible terrestrial plants have got even less attention. 
Non-edible terrestrial plants may be considered as an option for the removal of 
ECs via plant-based systems. In addition, there were some controversies 
between researcher’s suggestions on the relation between plant-related 
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removal and physicochemical properties of ECs (Calderon-Preciado et al., 
2012; Matamoros et al., 2012b; Lee et al., 2011;  Tanoue et al., 2012; 
Zhang et al., 2012a; Lee et al., 2013). Therefore, more studies are required to 
shed some light on the removal efficiencies/kinetics of selected ECs by non-
edible terrestrial plant as well as looking to the relation between removal and 
physicochemical properties of ECs. In this study, Money plant was selected as 
the model plant.  
Very few studies have been reported production of hydroxyl radical by the 
means of Fenton reaction in the presence of H2O2 and iron sources (Ranieri et 
al., 2001; Schweikert et al., 2002; Dordio et al., 2011b; Yap et al., 2011; 
Rodrigo-Moreno et al., 2013). However, the effect of iron sources and 
potential role of biological advanced oxidation process on the removal of ECs 
by plants have rarely been evaluated. Therefore, it is needed to evaluate the 
possible role of a plant’s BAOP in ECs removal by investigating the effect of 





Although there were studies reporting the removal of ECs in the soil columns 
and few studies on the removal of ECs by plants, removal efficiency of ECs 
by plant-soil system has not been studied. Therefore, there is a need to 
evaluate the effect of combined plant-soil system on the removal of ECs. In 
this study, removal of selected ECs through a soil column planted with Money 




















3.1 Overview of the experiments 
The experiments consist of three phases including two batch studies and one 
continuous flow study as follow. 
3.1.1 Phase 1– Removal of targeted ECs by Money plant (Batch study) 
Phase 1 of the study includes batch studies in flask-scale in which roots of 
Money plant were put in the DI water spiked with ECs. Firstly, removal of 
ibuprofen, one of the target compounds, by Money plant was tested to identify 
the capability of Money plant on the removal of ECs and also the effect of 
initial concentration of ECs on the removal efficiency. Then, removal of 
mixture of six targeted compounds by Money plant was monitored while 
3 
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relationship between removal efficiency and physicochemical properties of 
ECs were examined.  
3.1.2 Phase 2– Effect of biological oxidation process on the removal of 
ECs (Batch study) 
In the phase 2 of the study, role of BAOP on the removal of ECs removal by 





 on the removal efficiency and simultaneous endogenous H2O2 
concentration were examined and measured. 
3.1.3 Phase 3– Removal of ECs using plant-soil system (bioretention 
column) under continuous flow condition 
Phase 3 of the study includes a lab-scale plant-soil system (i.e., bioretention 
column) under continuous flow condition. Removal of ECs was assessed in a 
plant-soil system. In this phase, removal of ECs by two types of column, 
namely sand (negligible organic content) and bioretention (high organic 
content) were evaluated to study the effect of soil organic content on the ECs 
removal. A summary of all experiments is presented in Table ‎3-1. 
 
Table ‎3-1 Summary of all experiments 
  Mode of study 
Phase Task Batch Continuous flow 
1 Effect of different initial concentration of ibuprofen on the 
removal by Money plant  
 – 
 Removal of mixture of 6 ECs by Money plant  – 
 Removal of mixture of 6 ECs by inactive Money plant  – 
 Measure ECs in plant tissues  – 
2 Effect of Fe2+/Fe3+ on the removal efficiency  – 
 Changes of endogenous H2O2 concentration  – 
 Detection of Fe2+ in the aqueous media  – 
3 Removal of ECs by plant-soil system (sand column) –  
 Removal of ECs by plant-soil system (bioretention column) –  
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3.2 Model plant selection 
In the present study, Money plant, a terrestrial plant species native to 
Southeast Asia and the Solomon Islands, was selected as model plant to 
evaluate the role of BAOP which has been hypothesized to have positive role 
on the removal of ECs such as PPCPs, EDCs and ASs in plants. Money plant 
is an evergreen climbing plant with the ability to remove airborne chemicals 
(Sawada and Oyabu, 2008; Hung and Xie, 2009). Initial criteria for selecting 
the model plant are listed as follow: 
- Terrestrial plant 
- Native to Southeast Asia 
- Proper for lab-scale study 
- Low maintenance requirement 
- Tolerant to iron deficiency  
Removal of ECs by a combination of plant and soil column will be evaluated 
for a complete plant-based system for ECs removal. 
3.3 Targeted ECs compounds 
A total of six ECs with different physicochemical properties, such as 
molecular weight (MW), pKa, log Kow, log Dow (pH adjusted log Kow) and 
solubility in water (Sw), were examined in this study. As shown in Table ‎3-2, 
these compounds included four PPCPs, one EDC and one AS. For PPCPs, 
ibuprofen, acetaminophen, ketoprofen and carbamazepine were selected. 
Estrone and saccharin were selected as examples of EDC and AS, 
respectively. These compounds were specifically selected because they cover 
a wide range of physicochemical properties. Moreover, the selected ECs have 
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been reported to have been frequently detected in aquatic environments 
(Table ‎1-1). 
All reagents used in this study were of analytical grade from Sigma-Aldrich 
(Singapore) and were used without further purification. High performance 
liquid chromatography (HPLC)-grade acetonitrile and methanol were obtained 
from Fisher Scientific (USA). Ultrapure water was obtained using a Milli-Q 
water purification system (Millipore Synergy 185, USA), which provided the 
deionized water (DI water) used for the preparation of all solutions.  
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Table ‎3-2 Physicochemical properties of selected ECs 
      
 Physicochemical propertiesa 
Compound Group Chemical structure MW pKa log Kow log Dow Sw (M) 
Estrone EDC/PPCP 
 
270.37 10.3 3.13 4.31 0.00004 
Ibuprofen PPCP 
 
206.29 4.91 3.97 2.85 0.0002 
Acetaminophen PPCP 
 
151.17 9.38 0.46 0.91 0.091 
Ketoprofen PPCP 
 
254.29 4.45 3.12 1.70 0.0004 
Saccharin AS 
 
183.18 1.31 0.91 -0.49 0.023 
Carbamazepine PPCP 
 
236.28 13.9 2.45 2.77 0.001 
a
 For the calculation of pKa, log Kow, and log Dow at pH 5.8, ChemAxon Marvin Calculator Software were used. 
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3.4 Collection and maintenance of Money plants 
The Money plant, also known as “golden pothos”, was selected as a model 
plant in this study. The Money plant is an evergreen terrestrial plant native to 
Southeast Asia and the Solomon Islands (Kamel et al., 2007; Hung and Xie, 
2009) that has capacity for indoor air pollution removal (Srivasatava et al., 
2011).  
Money plants were purchased locally, transferred to the lab and propagated in 
an aqueous solution of aerated standard Hoagland nutrient (Hoagland and 
Arnon, 1950) except iron addition. The nutrition solution contained 2 mM 
MgSO4, 5 mM Ca(NO3)2, 5 mM KNO3, 1 mM KH2PO4, 46 µM H3BO3, 0.8 
µM ZnSO4, 14 µM MnCl2, 0.3 µM CuSO4 and 0.1 µM H2MoO4. The Money 
plants were maintained at room temperature (28±2 
o
C) under a combination of 
LED growing light (photon flux density 60 μmol m−2s−1) and fluorescent light 
(photon flux density 10 μmol m−2s−1). The plants were subjected to combined 
LED-fluorescent light illumination for a duration of 12 hours per day. All 
plants were acclimatized to the laboratory conditions for at least 30 days 
before commencement of any experiments. Before each experiment, the roots 
of Money plants were sterilized by 0.5% sodium hypochlorite (NaOCl) for 5 
minutes (Toyama et al., 2006). The plant roots were then immersed and 
agitated for 1 minute in three consecutive rinses using DI water (Wu et al., 
2013). Before and after each experiment, fresh biomass of the plants was 
determined after removing excess water by blotting with paper towels 
followed by a 20- minute air-drying period under room temperature. The plant 
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used for each experimental flask usually had four fully opened leaves and an 
extended root system with a total biomass in a range of 7.5±0.5 g. 
3.5 Phase 1– Removal of targeted ECs by Money plants (batch 
study) 
3.5.1 Batch study setup 
To study the removal of ECs from aqueous media (ECs spiked in DI water), 
batch experiments using at least three replicates were performed over a two- to 
four-week period. Batch experiments involved flasks containing Money plants 
before and after sterilization by NaOCl, chemically inactivated Money plants 
and controls with no Money plants. All batch experiments were conducted in 
250 mL glass conical flasks filled with 200 mL of ECs solution without any 
top-up during the experiment. For the feasibility study, four different initial 
concentrations of ibuprofen, namely 125, 250, 500 and 1000 µg L-1 were 
selected to study the capability of Money plant on the removal of the selected 
ECs. For the rest of the study, mixture of ECs was prepared at an initial 
concentration of 500 µg L-1. The initial concentration of 500 µg L-1 was 
selected because it is in a detectable level without any extraction or 
purification procedure down to 1-5 µg L-1 throughout the ECs removal study. 
In addition, this initial concentration helps detect possible presence of ECs in 
plant’s tissues. 
The flasks were wrapped with aluminum foil throughout the experiments to 
minimize the influence of external light sources. To show the effect of plant 
on the ECs removal, control experiments were also conducted without a plant 
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to determine the level of physicochemical removal (if any) through 
volatilization, hydrolysis and possibly photodegradation through flask 
opening. Figure ‎3-1 shows the flow chart, flask setup and photo of batch 









Figure ‎3-1 (A) Flow chart of batch study set up; (B) Schematic view of flask 
setup; (C) Photo of batch experiments 
 
3.5.2 Inactivation of Money plant 
Money plant were chemically inactivated by exposing the plant’s root to  
1 g L
-1
 sodium azide (NaN3), a general metabolic inhibitor, for seven days 
(Reinhold et al., 2010) and rinsed thoroughly with DI water prior to each 
Take acclimated Money 
plant from nutrient 
solution 
Wash plant root with DI 
water 
Measure the biomass 
Disinfect root by NaOCl 
Wash plant root with DI 
water 
Put Money plants in flask 
containing 200 mL DI 
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experiment. Experiments with chemically inactivated plants were used to 
analyze the effect of ECs sorption onto roots or passive ECs removal without 
the effect of plant transpiration (Tront and Saunders, 2006; Reinhold et al., 
2010). In the present study, to allow for comparison between results of active 
and inactive plants, the same active plants used for ECs removal were later 
inactivated to further test the effect of inactive plants on ECs removal.  
3.5.3 Detection of ECs in the aqueous media 
A sample was collected from each flask two or three times a week to measure 
the concentration of ECs in aqueous media. The samples were filtered through 
0.45 µm PTFE syringe filters that were purchased from Agilent (part number 
5190-5262) and kept at 4
o
C until measurement. The concentrations of all ECs 
were measured by liquid chromatography tandem mass spectrometry (LC-
MS/MS) (LCMS-8030, Shimadzu, Japan) using an Agilent’s Zorbax SB-C18 
column (5µm, 2.1×150mm) for separation and quantification of the 
compounds. Analyses of tandem MS were performed on a triple quadrupole 
mass spectrometer equipped with a Z-spray electro-spray interface (Tran et al., 
2013). Analytes were eluted by ultrapure water as the aquatic phase and 
methanol as the solvent phase with a flow rate of 0.25 mL min
-1
. The 
instrumental detection limits and instrumental quantification limits of the 
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Table ‎3-3 Instrumental performance for targeted compounds (Tran et al., 2013) 
Compound 
Instrumental detection limit 
(µg L-1) 
Instrumental quantification limit  
(µg L-1) 
Estrone 0.5 1.0 
Ibuprofen 0.3 1.0 
Acetaminophen 0.25 0.2 
Ketoprofen 0.6 1.0 
Saccharin 0.5 0.025 
Carbamazepine 0.005 0.01 
 
3.5.4 Detection of ECs in plant tissues 
Extraction of free ECs in plant tissues were carried out using an adapted 
method described by Iori et al. (2012). Briefly, 1 mL of ice-cold methanol 
added to 400 mg of root, stem or leaf of Money plant and homogenized in a 
pre-chilled mortar and pestle. Further, the homogenized sample was vortexed 
and incubated for 2 hours at 4 
o
C followed by centrifuging at 13,000 rpm for 
20 minutes at 4 
o
C. The collected supernatant was re-suspended with 1 mL 
ice-cold methanol and the same extraction procedure was repeated. The 
extracts were then dried under a gentle nitrogen gas stream and re-suspended 
in 1 mL of acidified water adjusted to pH 2–3 using concentrated hydrogen 
chloride (HCl). The filtered samples were subsequently injected into the LC-
MS/MS as described in Section ‎3.5.3.  
3.5.5 Removal kinetics of ECs 
The removal rate constant was determined through exponential regression of 
the ratio of measured concentration to the initial concentration using  
Equation 3-1:  
𝐶
𝐶0
= 𝑒(−𝑘×𝑡) (Eq. ‎3-1) 
 
Where C is the final EC concentration (µg L
-1
), 𝐶0 is the initial EC 
concentration (µg L
-1
), k is the first-order removal rate constant (d
-1
) and t is 
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the removal time (d). By arranging Equation 3-1, the half-life can be 
calculated using Equation 3-2: 
𝑡1 2⁄ = −
ln(0.5)
𝑘
 (Eq. ‎3-2) 








× 100 (Eq. ‎3-3) 
 
Where C is the final EC concentration (µg L
-1




3.6 Phase 2– Effect of biological oxidation process on ECs removal 
3.6.1 Batch study setup  
Changes in the removal efficiency and kinetics of selected ECs with and 
without an iron source were measured in this study to evaluate the effect of 
BAOP. As mentioned in Section ‎2.2.3, iron in the presence of endogenous 
H2O2 may produce 
OH via Fenton/Fenton-like and Haber-Weiss reactions, 
which may increase removal of ECs by plants. For this purpose, three different 
iron sources, namely 1.5 mM FeSO4, 0.75 mM Fe2(SO4)3 and 0.3 mM Fe
2+
-
EDTA (iron chelate) aqueous solutions, spiked with 500 µg L-1 ECs mixed 
solution, were used as the media. The effects of presence of Fe
2+
 and iron 
chelate on removal efficiency of ECs were evaluated. Since Fe
2+
 in the iron 
chelate solution remained in soluble form and would be accessible to plants, 
five times lower concentration of Fe
2+
-EDTA was selected compared to FeSO4 
as free Fe
2+
 in the media would transform to iron hydroxide/oxide. The mixed 
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ECs solution contained 500 µg L-1 of each ECs, namely acetaminophen, 
ibuprofen, ketoprofen, carbamazepine and saccharine. In this study, the effect 
of iron on estrone was not evaluated. This was because the stock solution of 
estrone must be prepared in methanol. Methanol may act as a scavenger for 
OH and would lead to inaccurate assessment of the study. The selected 
concentration of Fe
2+
 used in this study was within the reported range (0.3-5 
mM) for Fenton oxidation (Sabri et al., 2012). Concentrations of ECs in the 
aqueous media were measured as described in the Section ‎3.5.3. The 
endogenous concentrations of H2O2 were measured as described in the 
Section ‎3.6.2. 
3.6.2 Hydrogen peroxide assay for plant tissues 
One major factor in BAOP concept is changes in the endogenous H2O2 
concentration during the ECs removal process. Therefore, the method 
suggested by Velikova et al. (2000) was used to measure endogenous H2O2 
concentrations. Briefly, 300 mg of Money plant leaves were extracted in an ice 
bath with 5.0 mL of trichloroacetic acid (TCA) (0.1%, w/v). The homogenate 
was then centrifuged at 12000 g for 15 minutes. Following this, 1 mL of 
potassium iodide (1 M) and 0.5 mL of phosphate buffer (pH 7.0) were added 
to 0.5 mL supernatant. The absorbance of this mixture was measured at 390 
nm (DR 5000 UV-Vis Spectrophotometer, HACH, USA). The H2O2 content 
was determined using a pre-developed standard curve. 





 were measured using “Iron Assay Kit” (Iron 
Assay Kit, Catalog Number MAK025, Sigma-Aldrich, Singapore). For each 
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measurement, 100 µL of samples in three replicate were treated in 96 well 
flat-bottom plate based on the “Iron Assay Kit” procedure followed by 
measuring the absorbance at 593 nm (A593) by spectrophotometric multiwell 
plate reader (Sunrise Remote, TECAN, Austria).  
3.6.4 Microscopic examination of ROS formation 
Intracellular ROS was detected using DCFH-DA based on a method used by 
Sakamoto et al. (2008). Briefly, leaf tissue strips were incubated in 50 µM 
DCFH-DA for 1 hour, where then rinsed with DI water prior to be observed 
under a fluorescence microscope (Olympus BX51, USA). DCF fluorescence 
was detected with a FITC filter. Images were taken with attached digital 
camera system. To quantify the fluorescence level in the images, Adobe 
Photoshop CS5 (Adobe, http://www.adobe.com), an image processing 
software, was used (Sakamoto et al., 2008).  
3.7 Phase 3–Removal of ECs using plant-soil system under 
continuous flow condition  
3.7.1 Plant and sand column 
Sand is a common media used in bioretention systems. The effect of sand 
media in the bioretention column in conjunction with plants for ECs removal, 
were carried out using five bioretention columns. Polypropylene columns with 
an inner diameter of 9 cm and height of 46 cm were used as bioretention 
columns. The lower portion of the columns (5 cm ×9 cm i.d.) was filled with 
silica sand (grain size of 0.2-0.6 mm). Two different arrangements were 
carried for bioretention columns; Planted columns in sand media (triplicate 
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columns) and unplanted column with sand media (duplicate columns). All 
experiments were operated in a continuous flow mode at a flow rate of  
4 mL h
-1
. All columns were kept at room temperature (28±2 
o
C) under 
fluorescent light (photon flux density 10 μmol m−2s−1). Figure ‎3-2 shows the 
schematic view and photo of bioretention column with sand media.  
The feed contained 500 µg L-1 of each ECs which were prepared every other 
day from stock solution of 10 mg L
-1
 of mixture of five compounds in DI 




Figure ‎3-2 (A) Schematic view of bioretention column study with sand media; 
(B) Photo of bioretention column study with sand media under continuous flow 
 
Samples were collected in 10 mL amber glass vials from the bottom outlet of 
columns at least once a week. One mL of collected samples was then filtered 
using 0.45 µm PTFE syringe filters to 2 mL amber LC-MS/MS vials. Samples 
were kept at 4
o
C not more than three days until measured by LC-MS/MS.  
Taking samples for LC-MS/MS analysis 
 Feed spiked  
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3.7.2 Plant and soil column (bioretention column) 
Wide range of soil media for bioretention systems have been proposed and are 
under study to find a better performance for the removal of pollutants or 
higher retention volume. However, some components such as sand, top soil 
and compost are still commonly used media. Three bioretention columns were 
designed for the study of ECs removal by planted and unplanted bioretention 
columns. The columns were made of Plexiglas with an inner diameter of 15 
cm and a height of 50 cm. The lower portion of the columns (5 cm × 15 cm 
i.d.) was filled with gravel filter. Then a mixture of sand, top soil and plant-
based compost, at a 5:3:2 volume ratio respectively, was added up to about 30 
cm. The upper layer was 1-2 cm of gravel filter for the distribution of the feed. 
The upper 13-14 cm was left empty as growing space for the plant. Organic 
content of the mixed soil media was 3.5%. The bioretention columns were 
operated in three designs, namely a planted column, unplanted column and 
unplanted autoclaved column, to monitor the effect of plant uptake + microbial 
activity + adsorption, microbial activity + adsorption and adsorption, 
respectively. For the planted columns, Money plants grown in the lab were 
transferred to the soil media and acclimated for 30 days before each 
experiment. The effect of the microbial community on the removal efficiency 
of ECs can be estimated by comparing ECs removal rates in the autoclaved 
and unautoclaved soil media; although microbial communities may form in 
autoclaved soil media after some period of time, microbial communities in 
unautoclaved soil would be with high amount. For the autoclaved column, the 
soil media were autoclaved for three consecutive runs at 45 minutes each. All 
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experiments were performed in a continuous flow mode with two flow rates of 
4 and 20 mL h
-1
 to determine the effect of hydraulic retention time on ECs 
removal. All columns were kept at room temperature (28±2 
o
C) under 
fluorescent light (photon flux density 10 μmol m−2s−1) with a 12 hour lighting 
period per day. Figure ‎3-3 shows a schematic view of the bioretention column 




Figure ‎3-3 (A) Schematic view of bioretention column with common soil media; 
(B) Photo of bioretention column study under continuous flow condition 
 
Taking samples for LC-MS/MS analysis 
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The initial feed concentration was 500 µg L-1, which was prepared every other 
day from a stock solution of 10 mg L
-1
 mixture of five compounds in DI water. 
The five compounds included acetaminophen, ibuprofen, ketoprofen, 
carbamazepine and saccharine. For the bioretention column study, estrone was 
not used as the stock estrone solution must be prepared in methanol. 
Similar to sand columns, samples were collected in 10 mL amber glass vials 
from the bottom outlet of each columns at least once a week. Thereafter, one 
mL of collected samples filtered using 0.45 µm PTFE syringe filters and 
stored in 2 mL amber LC-MS/MS vials. Samples were kept at 4
o
C not more 
than three days until measured by LC-MS/MS.  
3.7.3 Soil organic content 
Soil organic content were measured using the loss on ignition method as 
described by Guo et al. (2014). Clean crucibles were filled with approximately 
5 g of air dried soil and subjected to ignition at 550 °C furnace until no further 
weight loss was observed. 
3.8 Statistical analysis 
Data were collected from at least three independent experiments and expressed 
as means±standard deviation. The means and standard deviations were 
calculated by Excel (Microsoft® Excel 2010). The differences were analyzed 
with one-way ANOVA tests using Microsoft Excel
®
. P-values < 0.05 were 
considered to be significant. 
  















4.1 Phase 1–Removal of ECs by Money plants 
In this section, the results of batch studies of ECs removal by Money plants 
from aqueous media, including DI water spiked with ECs are presented and 
discussed. Firstly, removal of ibuprofen (IBP) with different initial 
concentrations in a range of 125 to 1000 µg L-1 was evaluated. Further, 
removal of a mixture of six ECs at 500 µg L-1 of each estrone (E1), IBP, 
acetaminophen (ACT), ketoprofen (KTP), carbamazepine (CBZ) and 
saccharine (SAC) were studied. The roots of Money plant were disinfected 
before the experiments to remove any microbial populations on the plants’ 
rhizomes. In addition, all glass flasks were covered with aluminum foil to 
reduce photodegradation.  
4 
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4.1.1 Effect of initial concentration on the removal efficiency and 
kinetics of IBP by Money plant 
The capability of Money plants for the removal of ECs, was firstly evaluated 
by one selected ECs, IBP. In addition, effect of various initial concentrations 
(125, 250, 500 and 1000 µg L-1) on the IBP removal by Money plant were 
analyzed. Normalized concentration changes of IBP in the aqueous media 
using Money plant and also in the control samples are presented in Figure ‎4-1. 
As noted from Figure ‎4-1, the highest removal rate of IBP belonged to the 
lowest initial concentration, 125 µg L
-1
. 
Vanek et al. (2010) also showed removal efficiencies of IBP by Phragmites 
australis were higher for lower initial concentration during a 8-day 
experiment, IBP removal efficiencies were 60% and 52% at initial 
concentration of 20 and 40 mg L
-1
, respectively. In another study, Zhang et al. 
(2013b) examined removal efficiencies of caffeine by Scirpus validus at three 
different initial concentrations. They showed in three days, highest removal 
efficiency belonged to lowest initial concentration with removal efficiencies of 
93%, 74% and 52% at caffeine concentrations of 500, 1000 and 2000 µg L
-1
, 
respectively while after 14 days of experiment, caffeine removal exceeded 
99.7% for all three initial concentrations. According to the same study, root 
uptake of caffeine had a positive correlation with initial caffeine concentration 
as assimilated mass of caffeine in plant root were 4.5 times higher for initial 
concentration of 2000 µg L
-1
 compared to 500 µg L
-1 
in the third day of study. 
However, bioaccumulation factor in root was just 1.1 times higher for initial 
concentration of 2000 µg L
-1
 compared to 500 µg L
-1
 at the same time frame. 
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Bioaccumulation factor is defined as the ratio of organic compound 
concentrations (i.e., caffeine) in the plant tissues to the concentration in the 
media (i.e., aqueous media) (Briggs et al., 1982; Zhang et al., 2013b). This 
almost the same bioaccumulation factor for caffeine, could explain the higher 
removal efficiency at lower initial concentration.  
In this study, a possible explanation for higher removal rate for lower initial 
IBP concentration could be the same as Zhang et al. (2013b)’s study in which 
almost the same bioaccumulation factor for IBP may result in higher IBP 
removal rate by Money plant as the plants’ biomass in all the flasks were 
selected to be in the same range of 7.5±0.5 g. 
In this study, IBP removal from the aqueous media by Money plant followed 
first-order removal kinetic. Table ‎4-1 shows first-order removal rate constant, 
R
2
 and P-value for each initial concentration. Based on Table ‎4-1, first-order 
removal rate constants were 0.218, 0.095, 0.091 and 0.060 d
-1
 for initial 
concentration of 125, 250, 500 and 1000 µg L
-1
, respectively.  
Box-and-whisker plots of the first-order removal rate constant, k, during first 
7-days period with rapid IBP removal is demonstrated in Figure ‎4-2. Highest 
removal rate constant for the lowest selected initial concentration, 125 µg L-1, 
could be due to the effects of passive removal processes such as adsorption on 
plant’s root surface and diffusion. The effect of passive removal is discussed 
in Section ‎4.1.5. 
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Figure ‎4-1 Changes of normalized concentration of IBP in control and planted 
flasks for initial concentration of 125 µg L
-1
 (A), 250 µg L
-1
 (B), 500 µg L
-1
 (C) 
and 1000 µg L
-1
 (D). Error bars represent standard deviation (n=3) 
 
Table ‎4-1 Average value of first-order removal rate constant, R
2
 and P-values 
Initial ibuprofen concentration (µg L-1) K(d-1) t1/2 (d) R
2 P-value 
125 0.218 3.2 0.98 <0.0001 
250 0.095 7.3 0.99 <0.0001 
500 0.091 7.6 0.99 <0.0001 
1000 0.060 11.5 0.97 <0.0001 
 
 
Figure ‎4-2 Box-and-whisker plots of the first-order removal rate constant, k 
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Results of mass balance calculation of average daily uptake/removal of IBP by 
Money plant along with the IBP removal from the flasks’ media for different 
initial concentrations (i.e., 125, 250, 500 and 1000 µg L
-1
) is presented in 
Figure ‎4-3. For the calculation of IBP mass in the flasks (initial volume of the 
aqueous media was equal to 200 ml) and daily IBP uptake by Money plant, the 
average amount of transpiration were considered as 9 ml per week. As 
demonstrated in Figure ‎4-3, higher initial concentration of IBP (i.e., higher 
initial IBP mass) has led to higher IBP uptake by Money plant. For instance, 
on Day 7 when the initial IBP mass were 25 µg (125 µg L-1 in a 200 ml 
media), the average daily IBP uptake was 2 µg, while when the initial IBP 
mass were 200 µg (1000 µg L-1 in a 200 ml media), the average daily IBP 
uptake was 19 µg. It seems that when there were more mass of IBP in the 
media which presumably would be available to Money plant by the means of 
diffusion, Money plant could also uptake/remove more IBP mass.  
Capability of Money plant for the IBP removal shows its potential for the 
removal of other types of ECs which is discussed in Section ‎4.1.2. However 
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Figure ‎4-3 Changes of average daily uptake of IBP by Money plant and removal 
of IBP mass from the media with initial concentration of 125 µg L
-1
 (A), 250  
µg L
-1
 (B), 500 µg L
-1




4.1.2 Removal efficiencies and kinetics of different ECs  
Changes in normalized concentrations of selected ECs in the aqueous media 
using unplanted (control) and planted flasks with Money plants over time are 
presented in Figure ‎4-4. The initial concentrations were selected as 500 µg L-1. 
As shown, selected EC compounds were removed at different removal rates 
and efficiencies. During 21 days of experiment, compounds such as ACT, E1 
and IBP were highly removed (more than 80%), whereas KTP and SAC were 
moderately removed (about 51% and 30% respectively). In contrast, CBZ – a 
neutral compound in wide range of pH (Figure A6 of Appendix) – was only 
slightly removed (less than 5%). There was no significant difference  
(P-value > 0.05) between the removal of CBZ in the control and planted flasks 
(Table ‎4-2). Table ‎4-2 presents the P-values obtained from T-test statistical 
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analysis for the significance of difference between control and planted flasks. 
According to Table ‎4-2, removal rates for all compounds in the planted flasks 
were significantly different from those in unplanted (control) flasks (P-values 
< 0.05), except for CBZ. 
The removal efficiencies, first-order removal rate constant, R
2
 and P-value of 
selected ECs by planted flasks are shown in Table ‎4-3. As seen in Table ‎4-3, 
the highest removal rate constant was for ACT, followed by E1, IBP, KTP and 
SAC. However, CBZ was not significantly removed. Low P-values (P-value < 
0.05), which were obtained from an ANOVA test of regression analysis, 
showed the first order removal rate constants were meaningful and 
significantly different from zero. 
Very few studies on removal of ECs, such as PPCPs, by plants were available 
in the literature reviewed (Matamoros et al., 2012b; Dodgen et al., 2013; 
Zhang et al., 2014). PPCP removals using different plants reported in other 
studies compared with the results obtained are summarized in Table ‎4-4. It is 
evident from this comparison, different plants may remove different PPCPs at 
varying removal efficiencies. For instance, removal of IBP by Typha spp. in a 
21-day period was higher than removal of IBP by Lactuca sativa in a 22 day 
period. However, the removal of PPCPs by Money plants was comparable to 
other studies. Nevertheless, it should be kept in mind that, aside from the 
effect of plant type on the removal process, the initial concentration is also an 
important influencing factor on its removal. As discussed in Section ‎4.1.1, 
higher initial concentration of ECs can result in lower removal rate 
constant/removal efficiency. 
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Figure ‎4-4 Changes of normalized concentration of selected ECs in control and 
planted flasks (A) ACT, (B) E1, (C) IBP, (D) KTP, (E) SAC, (F) CBZ. Error bars 
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 P-values < 0.05 are underlined 
 
Table ‎4-3 Removal efficiencies, first-order removal rate constants and P-values 
of selected ECs by Money plants (n=6) 
 Removal efficiency (%)  First-order kinetic removal model 
Compound Day 7 Day 14 Day 21  Rate constant (d-1) R2 P-value 
ACT 38.98 68.97 92.10  0.098 0.96 1.6210-8 
E1 47.89 65.42 83.10  0.082 0.99 1.1410-13 
IBP 21.77 50.25 89.71  0.073 0.88 1.8710-6 
KTP 21.20 37.75 51.41  0.034 0.99 3.6810-14 
SAC 24.36 29.74 30.77  0.025 0.85 1.8610-5 
CBZ
a
 0.99 2.58 4.92  0.002 0.95 9.1110-8 
        
a
 CBZ removal in planted and control flasks were not significantly different. 
P-values < 0.05 are underlined. 
 
Table ‎4-4 Comparison of ECs removal by different plants over different time 
periods in batch experiments 
Compound Period (day) Plant  Removal eff. (%) Initial conc. 
IBP 9 Money plant* 27.02 500 µg L-1 
Lemna minor (a) 47.5 2000 µg L-1 
21 Money plant* 89.71 500 µg L-1 
Typha spp. (b) 99 20 µg L-1 
22 Money plant* 95.71 500 µg L-1 
Lactuca sativa (c)  80 100 µg L-1 
ACT 2 Money plant* 18.4 500 µg L-1 
Brassica juncea (d) 15 151 mg L-1 
8 Money plant* 43.8 500 µg L-1 
Phragmites australis (e) 16 15.1 mg L-1 
CBZ 4 Money plant* 1.57 500 µg L-1 
Lemna minor (f) 6 50 µg L-1 
 21 Money plant* 4.92 500 µg L-1 
  Typha spp. (h) 82 500 µg L-1 
KTP 4 Money plant* 17.12 500 µg L-1 
Typha angustifolia (g)  95 25 µg L-1 
*  Present study 
(a)
 Reinhold et al. (2010) 
(b) 
Dordio et al. (2011a) 
(c) 
Calderon-Preciado et al. (2012) 
(d)
  Bartha et al. (2010) 
(e)
 Kotyza et al. (2010) 
(f)
  Farrell (2012) 
(g)
  Zhang et al. (2012a) 
(h)
 Dordio et al. (2011b) 
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Although there were no reported fixed relationship between removal 
efficiency and one specific physicochemical property of ECs (Section ‎2.1.2), 
presence of specific functional group may be in favor of ECs removal. All the 
ECs which were removed with high to moderate efficiency (i.e., ACT, E1, IBP 
and KTP) have whether –OH or –COOH functional groups in their chemical 
structures. Calderon-Preciado et al. (2012) suggested glycosyltransferases 
enzymes can detoxify organic ECs by acting on –OH and –COOH functional 
groups.  
Overall, Money plants have the potential to remove different types of ECs 
such as PPCPs/AS at different levels. Of the selected EC compounds in the 
present study, only CBZ was not significantly removed. The poor removal 
results agreed with other studies showing low biodegradability and low 
removal of CBZ in CWs (Conkle et al., 2008; Matamoros et al., 2008; 
Matamoros et al., 2009; Hijosa-Valsero et al., 2010b; Behera et al., 2011). In 
contrast, CBZ removal were reported to as high as 82% by Typha spp. in a 
study conducted by Dordio et al. (2011b). They suggested metabolism of CBZ 
in plants may be similar to human body by the means of cytochrome P450 
system. Although no information was available regarding the presence or 
absence of P450 enzyme in Money plant, the lack of this enzyme could be a 
possible reason for low removal rate of CBZ by Money plant.  
4.1.3 Detection of extractable ECs in Money plant’s tissues 
Figure ‎4-5 shows detected extractable ECs in the Money plant’s tissues after 
21-day batch experiment study. According to Figure ‎4-5, E1 and IBP were not 
detected (below the LC-MS/MS detection limits; Table ‎3-3) in any of the 
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analyzed tissues, namely leaf, root and stem. ACT was detected at very low 
level of 6 µg (Kg-Fresh biomass)-1, while the other compounds, KTP, SAC 
and CBZ, were detected in higher levels in plant’s tissues. Considering an 
average 7 g biomass of Money plant in each flask, mass of detected ECs in 
plant’s tissues are calculated in Table ‎4-5. During the batch experiment, each 
flask contained 200 ml of aqueous solution with an initial concentration of 500 




Figure ‎4-5 Detected ECs in the Money plant’s tissues 
 
Table ‎4-5 Mass of detected ECs in Money plant tissues (µg) 
Compounds Leaf Root Stem Total 
ACT 0.04 – – 0.04 
E1 – – – – 
IBP – – – – 
KTP 0.97 – – 0.97 
SAC 0.09 0.69 – 0.78 
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Undetected levels of E1 and IBP presented in Figure ‎4-5, may suggest these 
two compounds have gone through the metabolism pathways such as 
oxidation, conjugation and sequestration after Money plant uptake which may 
then be not extractable (Dodgen, 2014). These two compounds were highly 
removed by 83.1 and 89.7% (Table ‎4-3), respectively, during the 21-day 
study. ACT was also highly removed by 92.1% (Table ‎4-3) in the 21-day 
batch study and its low detection in the plant’s tissue may be due to the plant 
metabolism activities on the ACT (Calderon-Preciado et al., 2012). However, 
detection of ACT in the leaf tissues shows the translocation of residue of ACT.  
On the other hand, KTP and SAC which were moderately removed in the 
batch study (51.4 and 30.8%, respectively as shown in Table ‎4-3) were 
detected in higher levels compared to former three compounds. The difference 
between KTP and SAC is that KTP was translocated to the leaf tissues while 
most of the SAC were detected in the root tissues which show lower 
translocation capability for SAC. Considering 100 µg mass of each KTP and 





 of KTP and SAC as parent compounds were detected in plant’s 
tissues. Although KTP and SAC were detected in plant’s tissues, just a small 
portion of these two compounds were found in the extractable form of parent 
compounds. This means that metabolic activities such as oxidation, 
conjugation and sequestration were also possible for these two compounds. 
Analysis of plant’s tissues as displayed in Figure ‎4-5, shows CBZ was the 
highest detected level among targeted ECs. CBZ has been detected in all 





100 = 0.97%   2 
0.78 µ𝑔
100 µ𝑔
100 = 0.78% 
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analyzed tissues, namely leaf, root and stem, while CBZ was removed by just 
4.9% (Table ‎4-3) during the 21-day batch study that was not significantly 
different from control flask due to the very low removal. However, calculated 
mass for CBZ removal would help describe this situation. According to 
Table ‎4-5, in total 2.87 µg of CBZ was detected in the plant’s tissues which 
was 2.78% of initial CBZ mass in each flask. This shows uptake and 
translocation of CBZ was contributed to about 2.78% removal of CBZ. High 
concentration of detected CBZ in root tissue may be attributed to root lipid 
content of Money plant as described in Wu et al. (2012)’s study. Wu et al. 
(2012) studied removal of three PPCPs, namely triclocarban, diphenhydramine 
and CBZ, by five vegetable crop plants. They showed a positive correlation 
between root concentration factor and root lipid content for CBZ but not for 
other two studied compounds indicating that lipid content could be just one of 
the influencing factors for ECs removal. Although the root lipid content for 
Money plant was not available, high CBZ content in root tissues could be due 
to root lipid content of Money plant. Translocation of CBZ to leaf and stem 
tissues may be driven by the force of transpiration as suggested by Shenker et 
al. (2011). Transpiration is considered as a passive process (Zhang et al., 
2012b) which may not affect significantly on the removal of CBZ. Although 
CBZ were detected in Money plant tissues, insignificant removal of CBZ by 
Money plant showed metabolic activities by Money plant had no significant 
impact on the CBZ removal. 
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4.1.4 Relation between physicochemical properties and removal 
efficiencies of ECs by plants b 
Several studies have reported relationships between removal of ECs by plants 
and different physicochemical properties of ECs (Lee et al., 2011; Calderon-
Preciado et al., 2012; Matamoros et al., 2012b; Tanoue et al., 2012; Zhang et 
al., 2012a; Lee et al., 2013; Carter et al., 2014).  
The relationships between removal efficiencies and physicochemical 
properties of ECs (i.e., MW, log Kow, log Dow, Sw and pKa) in this study are 
shown in Figure ‎4-6. Since there was no significant difference between CBZ 
removal in the control and planted flasks, CBZ was excluded from this 
analysis. Figure ‎4-6 shows none of the physicochemical properties have a 
significant relationship with removal efficiencies. Statistical analyses of these 
relations show that all P-values were higher than 0.05, which means that the 
variables are not significantly different than zero. The highest R
2
 was for the 
relationship between pKa and removal efficiencies (R
2
=0.64), and all other R
2
 
values were lower than 0.50. The P-value for pKa was 0.1; this P-value means 
that with a 90% confidence limit, rather than the usually acceptable 95% 
confidence limit, the relation between pKa and removal efficiencies is 
significant.   
4.1.4.1 MW 
Studies have shown contradictory findings regarding the relationships between 
removal efficiencies/kinetics and physicochemical properties of ECs. 
Calderon-Preciado et al. (2012) reported negative relation between molecular 
weight (MW) and removal rate of six selected PPCPs (i.e., clofibric acid, 
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triclosan, naproxen, tonalide, hydrocinnamic acid and IBP) by Lactuca sativa 
(lettuce), while according to Matamoros et al. (2012b), positive correlation 
between MW of seven selected PPCPs and removal rate by Elodea canadensis 
and Ceratophyllum demersum were observed. Based on Matamoros et al. 
(2012b)’s study, first-order removal rate of selected ECs including clofibric 
acid, triclosan, naproxen, caffeine, diclofenac, IBP and MCPA by Elodea 
canadensis and Ceratophyllum demersum were increased with the increase of 
ECs’ MW. However, in the same study by Matamoros et al. (2012b), a 
significant relationship was not found between ECs removal by Salvinia 
molesta and Lemna minor, and their related MWs which is in accordance with 
the findings of the present study (Figure ‎4-6).  
4.1.4.2 log Kow    
A negative correlation between Kow, as a measure of hydrophobicity, and the 
first-order removal rate constant was identified by Calderon-Preciado et al. 
(2012) for lettuce. In contrast, Matamoros et al. (2012b) reported insignificant 
relations between the first-order removal rate constant and log Kow for four 
different aquatic plants, namely Ceratophyllum demersum, Elodea canadensis, 
Lemna minor and Salvinia molesta. The present study could also not find a 
significant relation as there was no significant relation between log Kow and 
removal efficiency of selected ECs by Money plant (P-value >0.05; 
Figure ‎4-6). This could be due to multiple metabolism pathways by plants 
dealing with ECs. All the selected ECs were chosen to be in the optimum 
range of log Kow for uptake (i.e., 0.5-4). However, after the uptake, there 
would be multiple mechanisms for metabolizing ECs. In some cases there 
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would be no such available mechanisms. For instance, as shown in 
Section ‎4.1.3, CBZ was detected in Money plant’s tissues while no significant 
removal was observed. 
4.1.4.3 log Dow   
The relation between log Dow and removal efficiencies was also found to be 
insignificant in the present study. This finding is in line with the finding of 
Matamoros et al. (2012b) for Lemna minor. However, they reported positive 
correlation for three other plants (i.e., Ceratophyllum demersum, Elodea 
canadensis and Salvinia molesta). In contrast, Lee et al. (2011) reported a 
negative relation between k and log Dow for the removal of PPCPs in 
constructed wetlands. This could also be due to the multiple metabolic 
pathways for the removal of ECs by plants. Another possibility would be 
related to inaccurate calculation of log Dow (Eq. ‎2-1) which is pH dependent 
(Calderon-Preciado et al., 2012). Since plant exudates modify the pH of the 
medium in the first 1 to 2 mm surrounding the root surface, the measured pH 
of the medium would be different from the real pH in the area surrounding the 
root surface. This may be the reason for not having a significant relationship 
between removal efficiency and log Dow. 
4.1.4.4 Sw    
Similar to MW, log Kow and log Dow, relationship between Sw and removal 
efficiencies of selected ECs by Money plant was not significantly correlated in 
this study. Likewise, according to studies by Matamoros et al. (2012b) and 
Tanoue et al. (2012), no significant correlation between Sw and removal of 
different ECs by five plant species were reported. 
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 of relation between removal efficiencies and pKa was the 
highest compared to other physicochemical properties (i.e., MW, log Kow, log 
Dow and Sw), this relation was still insignificant based on the confidence limit 
of 95%. Park et al. (2009) also did not observe a specific relation between ECs 
removal and pKa as a measure of electrostatic interactions in constructed 
wetlands. 
Thus, a single model for prediction of ECs removal by Money plants could not 
be established in the present study. The results suggest complex combinations 
of various mechanisms are involved in the removal of different ECs. In 
addition, difference between endogenous enzymes in plants may contribute to 
different metabolism pathway of ECs.  
ECs removal by plants could be due to combination of active or passive 
removal processes. In passive removal process, plant transpiration is excluded 
which may help for the translocation of ECs to other organs such as stem and 
leaf. In order to examine passive removal, ECs removal by chemically inactive 
plants was studied. These results are described in Section ‎4.1.5. 
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4.1.5 Passive removal of ECs by inactive Money plant 
Removals of selected ECs by active (normally treated Money plants) and 
chemically inactive plants are presented in Figure ‎4-7. As noted, except for 
ACT and CBZ, there were significant differences (P-value<0.05; Table ‎4-6) 
between active and inactive plants on ECs removals from aqueous media. 
ACT was removed from the aqueous media predominantly by passive 
processes using inactive plants. Removal of triclosan and fluoxetine was also 
suggested to be predominantly by adsorption to plant roots, a passive removal 
by inactive duckweeds (Lemna minor and Lemna punctata) (Reinhold et al., 
2010). In this study, however, ACT was predominantly removed by inactive 
Money plant but at the same time, no ACT was detected in root tissues 
(Figure ‎4-5). Since trace amount of ACT was detected in the leaf tissues, ACT 
may pass through root systems. As ECs predominantly enter the plants by 
diffusion, in the absence of plant transpiration which is a driving force for 
active plants, removal of ACT could presumably be due to the local metabolic 
activities of Money plant’s roots cell which may include oxidation, 
conjugation or sequestration. In plants, Huber et al. (2009) suggested 
formation of glucoside conjugate (for plants and fungi) and glutathione 
conjugate (for plants and mammalians) as ACT metabolism pathways. 
Although inactive Money plants were not capable of carrying out metabolic 
activities, some minor chemical reactions such as enzymatic reactions may 
still take place at root cell scale. 
As previously shown in Figure ‎4-4, CBZ was not removed from the mixture 
by Money plants; as expected, with inactive Money plants, the removal of 
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CBZ was also insignificant. CBZ removal by active Money plant was not 
significantly different with control flasks (P-value > 0.05; Table ‎4-2) as 
showed in Section ‎4.1.2.  As presented in Table ‎4-6, there was no significant 
difference between CBZ removal by active and inactive Money plants as well 
(P-value > 0.05; Table ‎4-6). 
ECs removal by inactive plants may be due to combination of sorption onto 
roots as suggested by Tront and Saunders (2006) and Reinhold et al. (2010) 
and presumably by local metabolic activities of root cells. All plants roots 
were sterilized prior to the experiments to suppress microbial activities and 
eliminate the possible role of microbial activities on the ECs removal. 
Table ‎4-7 shows the removal efficiency of selected ECs after a 15 day period 
by both active and inactive Money plants. According to Table ‎4-7, the highest 
removal by plant uptake was for IBP followed by E1, KTP, SAC and CBZ. 
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Figure ‎4-7 Removal of selected ECs by active and inactive plants (A) ACT, (B) 
E1, (C) IBP, (D) KTP, (E) SAC, (F) CBZ. Error bars represent standard 





























































































































































































Chapter 4 Results and Discussion __________________________________  
Page | 90 
 
Table ‎4-6 Significance of difference analysis between removal of selected ECs by 















 P-values < 0.05 are underlined. 
 
Table ‎4-7 Removal efficiencies of selected ECs by active and inactive Money 
plants after 15 days of treatments (n=3) 
 Removal efficiency (%)  
Compounds Active Money plant Inactive Money plant Difference (Plant uptake)  
ACT* 81.53 83.41 -1.88*  
E1 72.16 44.77 27.39  
IBP 55.77 20.05 35.72  
KTP 37.96 15.19 22.77  
SAC 30.4 24.55 5.85  
CBZ* 8.85 3.22 5.63*  
*
 Not Significant difference between active and inactive plant removal (P-value>0.05; Table ‎4-6) 
 
 
As previously showed in Figure ‎4-5, ACT, E1, IBP and KTP were not 
detected in root tissues which suggests removal of these compounds by 
inactive plants could be due to the local root metabolic activities. On the other 
hands, SAC and CBZ were detected in the root tissues (Figure ‎4-5). Therefore, 
removal of SAC by inactive plant may be due to combination of sorption onto 
roots and local root metabolic activities. Although removal of CBZ by active 
and inactive plants were not significantly different which could be due to low 
CBZ removal, the small difference between active and inactive plants could be 
due to translocation of CBZ by active plant by the means of transpiration.  
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4.1.6 Effects of root sterilization on removal efficiencies and kinetics of 
ECs  
In the present study, propagated Money plants in the lab environment were 
hydroponically grown in freshly made Hoagland nutrient (Hoagland and 
Arnon, 1950). Therefore, microbial activity in the media and on the root 
surface would be relatively lower compared to the microbial activity in natural 
environment. Nevertheless, to measure the removal efficiency by plant uptake 
and to eliminate the effect of microbial activity, the plants’ roots were 
sterilized by NaOCl before the experiments. In order to identify the effect of 
root sterilization that may suppress any microbial activity, the removal of 
selected ECs was measured before and after root sterilization. Figure ‎4-8 
shows the changes of normalized concentrations of selected ECs within the 
aqueous media before and after root sterilization. Table ‎4-8 summarizes  
significance of difference analysis between ECs removal before and after root 
sterilization. The removal efficiencies, first-order removal rate constant, R
2
 
and P-value of selected ECs by planted flasks before root sterilization are 
shown in Table ‎4-9. The results from this study demonstrated root sterilization 
significantly reduced the removal rate of ACT and E1, but this did not affect 
the removal of other ECs used in this study significantly (P-value > 0.05). 
 
  
Chapter 4 Results and Discussion __________________________________  




       
Figure ‎4-8 Removal of selected ECs before and after sterilization by NaOCl (A) 
ACT, (B) E1, (C) IBP, (D) KTP, (E) SAC, (F) CBZ. Error bars represent 
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Table ‎4-8 Significance of difference analysis between ECs removal before and 















   
 P-values < 0.05 are underlined. 
 
Table ‎4-9 Removal efficiencies, first-order removal rate constants and P-values 
of selected ECs before root sterilization in planted flasks with Money plants 
(n=6) 
 Removal efficiency (%)  First-order kinetic removal model 
Compound Day 7 Day 14 Day 21  Rate constant (d-1) R2 P-value 
ACT 92.84 >99.99 >99.99  0.442 0.93 9.1810-5 
E1  65.96 99.01 >99.99  0.314 0.96 1.8510-8 
IBP
*
 34.30 63.94 92.68  0.093 0.94 5.6510-8 
KTP
*
 29.61 51.25 54.73  0.043 0.98 3.2510-13 
SAC
*
 11.96 23.80 39.19  0.023 0.97 4.6210-9 
CBZ
*
 -7.66 -0.18 4.32  0.001 0.04 0.554 
        
*
 Removal before and after sterilization were not significantly different. 
P-values < 0.05 are underlined. 
 
Comparing first-order removal rate constant of ACT before (Table ‎4-9) and 
after (Table ‎4-3) root sterilization, shows root sterilization dramatically 
reduced ACT removal rate constants from 0.442 d
-1
 to 0.098 d
-1
. This means 
microbial activities may play a significant role on the removal of ACT. This 
finding can be supported by previous studies indicating microbial 
biodegradability of ACT (Kagle et al., 2009; Foolad et al., 2015) 
Similar to ACT, root sterilization reduced first-order removal rate constant of 
E1 from 0.314 d
-1
 (before root sterilization, Table ‎4-9) to 0.082 d
-1
 (after root 
sterilization, Table ‎4-3). E1 was also categorized as highly biodegraded 
compound in a study conducted by Kagle et al. (2009). 
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Although removal of IBP and KTP before and after sterilization were not 
significantly different, both compound had higher first-order removal rate 
constant as 0.093 d
-1
 and 0.043 d
-1
 before root sterilization, compared to  
0.073 d
-1
 and 0.034 d
-1
 after root sterilization, respectively. 
On the other hands, both SAC and CBZ removal were not significantly 
different before and after root sterilization. First order removal rate constants 
of both compounds were almost similar before and after root sterilization. 
The possible effect of the microbial community on enhancing the removal of 
ECs is in line with previous studies that showed high biodegradability of some 
ECs. In a comprehensive study carried by Joss et al. (2006) which measured 
the biodegradability of 25 pharmaceuticals, hormones and fragrances in batch 
studies using activated sludge from municipal WWTP, high biodegradability 
of E1, ACT, and IBP following the biodegradability order of E1>ACT>IBP 
was noted. Similarly, CBZ was reported to be minimally biodegraded. 
4.2 Phase 2–Role of biological advanced oxidation process on the 
removal of ECs ………. 
H2O2 plays different role in the plant including resistance to stresses, signaling 
for germination and senescence, inducing defense genes, and reinforcement of 
plant cell wall (Bhattacharjee, 2005; Przymusiński et al., 2007; Quan et al., 
2008). Presence of iron in line with H2O2 may produce 
OH to react with ECs. 
Effect of iron on removal efficiency of selected ECs is discussed in 
Section ‎4.2.1, which may link with the possible reaction of iron with 
endogenous H2O2. Later, changes of endogenous H2O2 level are presented in 
Section ‎4.2.2 along with the removal of ECs by Money plant. Formation of 
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ROS in plant tissues were demonstrated in Section ‎4.2.3. Simultaneous 
reduction of H2O2 level along with the possible formation of 
OH and removal 
of ECs would be in line with the hypothesis of BAOP occurrence in plants. 
4.2.1 Effect of iron on removal of ECs  







-EDTA (iron chelate), on the removal of selected ECs by Money plant are 







 treated and Fe
3+
 treated Money plant flasks, respectively. For 
Fe
2+
-EDTA treated flasks, Fe
2+
-EDTA solution were added to the flasks. The 
significance of the differences between each two data series (three iron 
treatments) are summarized in Table ‎4-10. In addition, first-order removal rate 
constant of EC compounds for first 6 days (to show initial effect of iron 
sources) and whole experiment (21 days) are shown in Table ‎4-11. When Fe
2+
 
was spiked to the flasks, concentration of Fe
2+
 in the aqueous media was 
reduced over time (Figure ‎4-10). A brownish precipitate was obvious at the 




 while in flasks spiked 
with Fe
2+
-EDTA, the aqueous media remained clear during the experiments.  
4.2.1.1 Effect of iron on ACT removal  




-EDTA forms were significantly 
affected the ACT removal by Money plant (P-value<0.05; Table ‎4-10). As it is 
displayed in Figure ‎4-9, presence of Fe
2+
 (in the form of FeSO4) increased 
ACT removal rate in first 6 days and the removal rate decreased to lower than 
no-Fe treatment (i.e., normal treatment). As showed in Table ‎4-11, first-order 
removal rate constant of Fe
2+
 treated Money plants in the first 6 days was 1.5 
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times higher than no-Fe treatment (0.107 vs 0.073 d
-1
, respectively). However, 
considering 21 days of experiment, first-order removal rate constant of Fe
2+
 
treated was lower than no-Fe treatment (0.059 vs 0.102 d
-1
, respectively). It 
means Fe
2+
 enhanced the removal rate for a few days and then reduced the 
removal rate. There would be two possibilities for the change in the removal 
rate. Firstly, the available iron source (i.e., Fe
2+
) for plant may be declined. 
Figure ‎4-10 shows reduction of Fe
2+
 (ferrous ions) present in the flasks treated 
with Fe
2+
 in the form of FeSO4 by 18% during a 15-day period. Secondly, 
ACT may form complexes with iron which then eliminate ACT uptake by 
Money plant. Although the effect of iron-ACT formation on the ACT removal 
by plants were not studied in the literature, Walker et al. (2009) suggested that 
ACT could remove excess cardiac iron concentrations in iron-overloaded 
gerbils which may be due to the formation of iron-ACT complexes.  
Unlike Fe
2+
, presence of Fe
3+
 had insignificant effect on the removal of ACT 
with confidence limit of 95% (P-value>0.05; Table ‎4-10). P-value for 
significant difference between no-Fe and Fe
3+
 treated flasks was 0.103 which 
means that these two data series with a 90% confidence limit are different, 
rather than the usually acceptable 95% confidence limit. Nevertheless, 
comparing first-order removal rate constants between no-Fe and Fe
3+
 treated 
flasks, showed higher first-order removal rate constants for Fe
3+
 treated flasks 
at both Day 6 and Day 21 of experiment. At Day 6, first-order removal rate 
constants were 0.073 and 0.106 d
-1
 for no-Fe and Fe
3+
 treated flasks, 
respectively (Table ‎4-11). First-order removal rate constants of Fe
3+
 treated 
flasks at Day 21, were also higher than no-Fe treated flasks (0.102 d
-1
 for  
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 treated flasks, Table ‎4-11). Slight increase of 
first-order removal rate constant in the presence of Fe
3+
 suggests that Fe
3+
 may 
have a minor role in the removal of ACT.  
Presence of Fe
2+
-EDTA (iron chelate) in the aqueous media, showed highest 





 treatments (Figure ‎4-9). The ACT first-order removal rate constants of 
Fe
2+





 treatments) in the range of 2.5 to 3.7 times and 1.2 to 3.4 
times for Day 6 and Day 21 of experiment, respectively (Table ‎4-11). One 
possible explanation for increase in the ACT removal rate in the presence of 
Fe
2+
-EDTA could be due to the endogenous production of OH while Fe
2+
 
were readily available to Money plant. Changes of endogenous H2O2 level is 
discussed in Section ‎4.2.2 which supports this explanation. ACT is considered 
as a compound with antioxidant effects (Walker et al., 2009) which may 
explain its reaction with oxidants such as OH.  
4.2.1.2 Effect of iron on IBP removal  
Effect of Fe
2+
 presence on IBP removal followed the similar pattern as ACT. 
Presence of Fe
2+
 in both forms, namely Fe
2+





 in the form of Fe
2+
-EDTA (iron chelate), showed 





 treatment) increased the IBP removal rate in the first 
few days and then the removal rate decreased to even less than no-Fe 
treatment.  
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-EDTA on the removal of selected ECs by 
Money plant (A) ACT, (B) IBP, (C) KTP, (D) SAC, (E) CBZ. Error bars 
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Table ‎4-10 Significance of difference analysis of ECs removal by Money plants 
under different iron treatment 
  P-value between  
Compounds 
Normal and  
Fe2+ treated 
Normal and  
Fe3+ treated 
Normal and  
Fe2+-EDTA treated 
Fe2+- EDTA and 
Fe2+ treated 
Fe2+- EDTA and 
Fe3+ treated 
ACT 0.022 0.103 0.031 0.002 0.047 
IBP 1.9410-6 0.011 0.008 0.018 0.857 
KTP 7.5210-4 0.467 0.028 3.0110-5 4.4610-3 
SAC 8.1310-4 4.7110-11 0.533 0.007 6.6810-9 
CBZ 0.051 0.493 0.277 0.052 0.116 
      
P-values < 0.05 are underlined. 
 
Table ‎4-11 First-order removal rate constants of selected ECs in planted flasks 















Compounds  Day 6 Day 21  Day 6 Day 21  Day 6 Day 21  Day 6 Day 21 
ACT  0.073 0.102  0.107 0.059  0.106 0.162  0.268 0.200 
IBP  0.035 0.072  0.069 0.062  0.121 0.146  0.163 0.212 
KTP  0.037 0.034  0.035 0.009  0.031 0.028  0.056 0.078 
SAC  0.050 0.023  0.005 0.014  0.001 3.2210-4  0.034 0.023 
CBZ  0.002* 0.002*  0.001* 6.5710-4*  0.009* 0.001*  0.005* 0.0003* 
             
Highest first-order removal rate constants are underlined. 
* Insignificant removal  
 
 
Figure ‎4-10 Normalized Fe
2+





-EDTA spiked flasks. Error bars represent standard deviation of 
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As shown in Table ‎4-11, first-order removal rate constant of Fe
2+
 treated in the 
first 6 days was almost twice as no-Fe treatment (0.069 vs 0.035 d
-1
, 
respectively) which means that presence of Fe
2+
 enhanced the IBP removal for 
the first few days. However, presence of Fe
2+
 in the form of FeSO4 in whole 
21 days experimental period showed lower IBP removal rate for Fe
2+
 
treatment compared to no-Fe treatment (0.062 vs 0.072 d
-1
, respectively) 
(Table ‎4-11). In the absence of other literature dealing with the effect of Fe
2+
 
on the removal of ECs by plants, it is suspected that reduction of IBP removal 
rate could be due to the formation of IBP complex with iron in the presence of 
free Fe
2+
 that may inhibit IBP uptake by Money plant. Another possibility to 
explain lower IBP removal rate for Fe
2+
 treated compared to  
no-Fe treated flasks could be due to the reduction of available iron to Money 
plant as the Fe
2+
 concentration was reduced during the study in Fe
2+
 treated 
flasks (Figure ‎4-10).  
Like ACT removal, IBP removal rate in the presence of Fe
3+
 was higher and 
even significantly different compared to no-Fe treatment (P-value <0.05, 
Table ‎4-10). First-order IBP removal rate constant of Fe
3+
 treated flasks were 
3.5 and 2.0 times higher than that by no-Fe treatment flasks in Day 6 and Day 
21 of experiments, respectively. It is suspected that the high IBP removal rate 
in the presence of Fe
3+
 could be due to the reaction of IBP and endogenous 




. In addition, ferric 
sulfate (Fe2(SO4)3), a chemical coagulant, which is also used in this study as 
source of Fe
3+
, were reported to be minor effect on the removal of IBP when it 
was spiked to DI water media (Vieno et al., 2006). Vieno et al. (2006) showed 
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IBP with an initial concentration of 30 µg L-1 in the presence of 200 µmol L-1 
of Fe
3+
 were removed at just 16% in the batch experiments. In this study IBP 
in control flasks (no Money plant) showed also no significant removal (Figure 
A1, Appendix). Thus, it was supposed that in this study, both Fe
3+
 and IBP 
were available to Money plant.  
Also Similar to ACT, presence of Fe
2+
-EDTA enhanced the removal of IBP 
from the aqueous media. In Day 21 of experiment, first-order removal rate 
constant of IBP by Fe
2+
-EDTA treated Money plants, were 2.9, 3.4 and 1.4 




 treated plants, respectively (0.212 vs 
0.072, 0.062 and 0.146 d
-1
 respectively; Table ‎4-11). This increase in the 
removal rate of IBP, shows role of available iron on IBP removal where IBP 
was also available to plant. Like ACT, one possible explanation of increase in 
the removal rate could be due to formation of OH. In Section ‎4.2.2, changes 
of endogenous H2O2 level is discussed which supports this explanation. 
4.2.1.3 Effect of iron on KTP removal  
Presence of Fe
2+
 in the form of FeSO4 and Fe
2+
-EDTA showed significant 





-EDTA showed different effects. With the exception of first day of 
the experiment, presence of Fe
2+
 in the form of FeSO4 did not increase the 
KTP removal and from day 4 onward, KTP removal was reduced compared to 
flasks with no-Fe treatments (Figure ‎4-9). On the other hands, presence of  
Fe
2+
-EDTA enhanced KTP removal by Money plant (Figure ‎4-9). Comparing 
first-order removal rate constant of KTP in the Fe
2+
 treated flasks with no-Fe 
treated flasks during the first 6 days, it showed that removal rate constants 
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were almost the same (0.035 vs 0.037 d
-1
, respectively; Table ‎4-11). However, 
in the 21 days experiment, first-order removal rate constants of Fe
2+
 treated 
was much lower than no-Fe treatment comparing 0.009 d
-1





 treated and no-Fe treated flask, respectively. At the same time, first-order 
removal rate constant of Fe
2+
-EDTA treated flasks showed higher removal rate 
compared to both Fe
2+
 treated and no-Fe treated flasks with 21-day removal 
rate constant of 0.078 d
-1
 (Table ‎4-11).  
On the other hand, presence of Fe
3+
 showed no significant difference in the 
KTP removal between no-Fe and Fe
3+
 treated flasks (P-value >0.05, 
Table ‎4-10). Nevertheless, first-order removal rate constants of Fe
3+
 treated 
Money plant flasks were lower than no-Fe treated flasks in both Day 6 and 
Day 21 of experiment (Table ‎4-11). 





treated flasks) and somehow effect of Fe
3+
 could be due to formation of iron 
complexes with KTP that may make iron and KTP unavailable to plant. In the 
absence of published literature on the effect of iron and KTP, some patients 
were reported iron deficiency due to simultaneous consumption of KTP 
(Factmed, 2014) which could be possible evidence on the formation of iron-
KTP complexes. On the other hand, when Fe
2+
-EDTA was present, both iron 
and KTP were available to plant which showed higher removal rate constants 




 treated flasks probably due to formation of 
OH (BAOP).  
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4.2.1.4 Effect of iron on SAC removal  
Removal of SAC in the Fe
2+
 treated flasks (in the form of FeSO4) was 
significantly different with no-Fe treated flasks (P-value<0.05; Table ‎4-10). 
However, presence of Fe
2+
 had a negative effect on the removal of SAC. 
Comparing the first-order removal rate constants of Fe
2+
 treated with no-Fe 
treated flasks in both short term (6 days) and whole experiment (21 days), it 
showed lower removal rates for Fe
2+
 treated Money plant flasks (Table ‎4-11). 
At Day 21, first-order removal rate constant of Fe
2+
 treated flasks was  
0.014 d
-1
 compared to higher value of 0.023 d
-1
 for no-Fe treated flasks. 
Presence of Fe
3+
 also showed significant difference with no-Fe treatment 
Money plant flasks. Similar to the effect of Fe
2+
, presence of Fe
3+
 inhibited 
SAC removal.   
It means that presence of both FeSO4 and Fe2(SO4)3 inhibited the removal of 
SAC from aqueous media by Money plant, presumably due to the formation of 
complexes with iron. Since SAC is a ligand, it can act as a monodentate, 
bidentate and tetradentate that may form coordination bonds with the 
transition metal ions (Tanvir et al., 2013). Tanvir et al. (2013) suggested two 
saccharin molecules could attach to the Fe
3+
 ion through N atom.  
Unlike ACT, IBP and KTP, presence of Fe
2+
-EDTA did not show significant 
difference compared to no-Fe treatment flasks (P-value > 0.05; Table ‎4-10). 
During the 21-day experiment, first-order removal rate constants for  
Fe
2+
-EDTA and no-Fe treated flasks were the same at 0.023 d
-1
. As available 
iron to Money plant increased the removal rate of ACT, IBP and KTP, there 
could be a common mechanism of removal involved for these three ECs while 
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this effect was absent for SAC. Unlike other compounds, SAC has 
sulfonamide in its structure (Table ‎3-2) that may affect the SAC removal 
pathway by Money plant. According to Zhang and Fromm (2000), 
sulfonamides inhibited dihydropteroate synthase (DHPS) enzyme which 
contribute in the folic acid synthesis pathway in plants. This enzyme inhibition 
and interfering with folic acid synthesis may be a reason for different SAC 
removal efficiency compared to ACT, IBP and KTP. One possible mechanism 
for SAC removal could be due to adsorption to root and other mechanisms 
such as conjugation or sequestration. Detection of ECs in plant’s tissue which 
was discussed in Section ‎4.1.3 showed SAC concentration in root tissues were 
almost 8 times higher than detected SAC in leaf tissues of Money plant. 
Presence of SAC in root tissues could be due to adsorption on root tissues or 
accumulation in root cells. For ACT, IBP and KTP however, oxidation may 
also play a role. Changes of endogenous H2O2 concentration discussed in 
Section ‎4.2.2 would help describe this phenomenon.  
4.2.1.5 Effect of iron on CBZ removal  
Presence of Fe
2+
 in both forms of FeSO4 or Fe
2+
-EDTA (iron chelate) did not 
show significant difference compared to no-Fe (normal) treatment 
(Table ‎4-10). It was previously showed that CBZ were not removed by Money 
plant as well (Figure ‎4-4). In addition, first-order removal rate constant of 





-EDTA, were very small (less than 0.002 d
-1
) (Table ‎4-11).  
As discussed earlier in Section ‎4.1.3, trace amount of CBZ were detected in all 
sampled tissues including root, stem and leaf which means that CBZ could 
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pass through root cells presumably by the means of diffusion and translocate 
through plant by the force of transpiration, a passive process. However, it 
seems that the CBZ did not go through active removal process such as 
oxidation or conjugation due to insignificant CBZ removal by Money plant.  
4.2.2 Changes of endogenous H2O2 level 
Endogenous H2O2 level for different plants have been reported in a broad 
range between 0.09 to 60 µmol per gram of fresh weight of the leaf tissues 
(Chaparzadeh et al., 2004; He et al., 2005; Cheeseman, 2006; Singh et al., 
2007; Reis and Sakakibara, 2012). The H2O2 level can fluctuate based on 
different biotic and abiotic stresses in the environment in addition to 
production during the plants’ normal life cycle.  
Changes in H2O2 level were studied during removal of ECs by Money plant 





Changes in endogenous concentration of H2O2 were used to evaluate the 
hypothesis of biological advanced oxidation process. Figure ‎4-11 shows the 
level of endogenous H2O2 in the leaf tissues under different treatments. As 
noted from Figure ‎4-11, the average level of H2O2 in plant which was treated 
with just DI water as control sample, was about 0.7±0.1 µmol (gFW)-1. When 
the Money plants were initially introduced to the ECs media (ECs are 
considered being xenobiotic for plants), the level of H2O2 steeping from 0.8 to 
0.95 µmol (gFW)-1. This result is in line with other studies stated increase in 
the level of H2O2 in the response to external stressors like salt, dry and wet 
condition, etc. (Smirnoff, 1993; Mahan, 1994; Iturbe-Ormaetxe et al., 1995; 
Lin and Kao, 2000).  
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Figure ‎4-11 Levels of endogenous H2O2 in the leaf tissues under three different 
treatments; plant treated with ECs and, plant treated with ECs in the presence 
of Fe
2+








-EDTA in the 
aqueous media, endogenous H2O2 concentrations reduced in the first 6 to 7 
days while presence of Fe
2+
-EDTA showed more reduction in H2O2 level than 
with the presence of Fe
2+
. One possible reason for such behavior could be the 
possible reaction between endogenous H2O2 and Fe
2+
 that presumably 
produced OH. Reduction of endogenous concentration of H2O2 in the 
presence of Fe
2+
 was mentioned in just a few studies. For instance, Reis and 
Sakakibara (2012) and Reis et al. (2013) observed reduction of endogenous 
H2O2 level in aquatic plants along with the reduction of phenolic EDCs such 
as bisphenol A, pentachlorophenol, 4-tertoctylphenol, nonylphenolin and 2,4-
dichlorophenol from the aqueous media in the presence of Fe
2+
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FeSO4. However, they did not observe the effect of other forms of Fe
2+




In this study, after Day 7 and 8, there were increasing trends in the H2O2 
levels. This could be due to decreasing concentration of ECs in the media 
(Figure ‎4-9) and also activation of other removal mechanisms (detoxification) 
such as conjugation and sequestration.  
It should also be noted that H2O2 fluctuation may have other reasons other 
than presence of xenobiotics such as any biotic or abiotic stressors and natural 
plant activities like leaf senescence (Bhattacharjee, 2005).  
4.2.3 Demonstration of ROS formation  
Since OH is very short-lived, measuring OH is very complicated. One 
solution for indirect detection of ROS such as OH is by fluorescent 
microscopy visualization (Schopfer et al., 2001; Rodríguez et al., 2002; 
Sakamoto et al., 2008). In this study, fluorescent microscopic images were 
taken in day 3 of study which the difference between H2O2 levels in no-Fe and 
Fe
2+
-EDTA treatments were more obvious (Figure ‎4-11). Figure ‎4-12 shows 
fluorescent microscopic images of leaf tissue of Money plant treated with  
no-Fe and Fe
2+
-EDTA at day three of experiment. As seen from Figure ‎4-12, 
the green areas may describe ROS formation sites which presumably could 
include OH. As it can be seen, when Fe
2+
-EDTA was present in the media 
ROS formation areas were larger. Analyzed images with image processing 
software (Adobe Photoshop CS5; http://www.adobe.com) showed fluorescent 
level (pixels with green spectrum) in Fe
2+
-EDTA treated Money plant was 9 
times higher than no-Fe treated plant. 
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Figure ‎4-12 ROS formation in the leaf of (A) no-Fe treated and (B) Fe
2+
-EDTA 
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As suggested by Bhattacharjee (2005), sources of ROS include 
decompartmentalization of iron that facilitates generation of OH, leakage of 
electrons from electron transport systems and various biological reactions. 
4.3 Phase 3–Removal of ECs by bioretention columns 
It was shown in the previous sections that Money plant had the ability to 
remove selected ECs in the batch experiments. The EC removal performance 
of Money Plant needs to be evaluated under continuous flow to be more 
applicable in practical point of view. Removal efficiency of ECs by 
bioretention columns under continuous flow are presented in 
Sections ‎4.3.1, ‎4.3.2 and ‎4.3.3. The initial concentration of ECs was selected 
as 500 µg L-1. 
4.3.1 Bioretention columns with sand media 
Removal of selected ECs by planted and unplanted bioretention columns is 
shown in Figure ‎4-13. Statistical analysis of significance of difference 
between ECs removal by planted and unplanted columns are presented in 
Table ‎4-12. During the first 27 days of experiment, ACT and IBP 
concentrations in the effluent of both unplanted and planted bioretention 
columns were below the detection limit (< 1 µg L-1). However, these two 
compounds were detected in the effluents of columns after day 30 and day 27 
for ACT and IBP, respectively, which exceeded the breakthrough point of 
these two compounds. (Normalized concentrations (C/C0) greater than 0.05). 
Nevertheless, there were no significant difference between removal of planted 
and unplanted columns for both ACT and IBP (P-value>0.05; Table ‎4-12). 
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This could be due to removal of ACT and IBP dominantly by adsorption by 
soil in this period. 
The breakthrough point for KTP was at day 8 which KTP concentration 
started to increase. Removal of KTP was significantly different between 
planted and unplanted columns (P-value <0.05; Table ‎4-12). Lower KTP 
concentration in the effluent of planted columns compared to unplanted 
column could be due to the role of plant on the removal of KTP.   
SAC reached to the breakthrough point faster than KTP in day 3. Although 
there were no significant difference between SAC removal by planted and 
unplanted columns (P-value=0.28, Table ‎4-12), SAC removal after day 10 in 
the planted column were higher than unplanted column. During day 10 and 45, 
average SAC removal of planted column was 54% while SAC removal by 
unplanted column was 24%. 
Similar to SAC, breakthrough point of CBZ was in day 3. No significant 
difference was observed for CBZ removal between planted and unplanted 
columns (Table ‎4-12). In the batch study as discussed in Section ‎4.1.2, CBZ 
was not removed by Money plant. Therefore, it was expected to observe no 
significant difference between planted and unplanted columns. Rapid 
occurrence and very low removal of CBZ in unplanted column suggests that 
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Figure ‎4-13 Removal of selected ECs by bioretention columns with sand media 
under continuous flow condition (4 mL h
-1
) (A) ACT, (B) IBP, (C) KTP, (D) 
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Table ‎4-12 Significance of difference analysis between ECs removal of planted 













   
 P-values < 0.05 are underlined. 
 
4.3.2 Bioretention columns using common bioretention soil media 
Removals of ECs, namely ACT, IBP, KTP, SAC and CBZ by planted, 
unplanted and unplanted autoclaved soil media are shown in Figure ‎4-14. The 
soil media consisted of sand, top soil and compost. In this experiment, two 
different inflow rates (20 and 4 mL h
-1
) were examined. The inflow rate was 
set to 20 mL h
-1
 for the initial 45 days and subsequently decreased to 4 mL h
-1
 
to have more contact time with plant’s roots. Statistical analysis of significant 
difference between three types of columns in three periods, namely Day 1 to 
45 (flow rate = 20 mL h
-1
), Day 45 to 77 (flow rate = 4 mL h
-1
) and Day 77 to 
132 (flow rate = 4 mL h
-1
) are presented in Table ‎4-13. Day 45 to 77 may still 
be influenced by previous higher flow rate of 20 mL h
-1
 which is then 
presented as a separate category. The changes in the removal efficiencies for 
each compound are discussed in the following sections. 
4.3.2.1 Removal efficiencies of ACT  
As showed in Figure ‎4-14, ACT concentration was below the detection limits 
(< 1 µg L-1) which means almost all ACT were removed by bioretention 
column. P-values data showed that in both selected flow rates there were no 
significant differences between planted and unplanted columns as well as 
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between unplanted and unplanted autoclaved columns (Table ‎4-13). Similar 
results in all three columns cannot differentiate share of each mechanism on 
ACT removal by bioretention column. However, removal of ACT through 
unplanted autoclaved column showed adsorption to the soil media which can 
be a dominant removal pathway for ACT removal by bioretention column. 
High affinity of ACT to soil media was also reported in the previous studies 
(Lin et al., 2010; Li et al., 2014). Data on the removal of ACT by bioretention 
columns with just silica sand media also showed that ACT could primarily be 
adsorbed on the silica sand unplanted columns (Figure ‎4-13). Nevertheless, 
other than adsorption onto soil, microbial activity (i.e., biodegradation) was 
also reported as a major mechanism for the removal of ACT (Lin et al., 2010).  
As stated earlier, ACT removal by Money plant had the highest first-order 
removal rate constant among the analyzed ECs in this study (Table ‎4-3). At 
the same time, sorption on the plant’s root and physicochemical reactions in 
the rhizosphere and root cells were the main ACT removal pathway in the 
batch study (Figure ‎4-7). On the other hand microbial community could also 
contribute to the removal of ACT by Money plant as showed in Figure ‎4-8. 
Therefore, ACT removal in the bioretention column can be due to different 
mechanisms including sorption, biodegradation and plant uptake.  
4.3.2.2 Removal efficiencies of IBP  
IBP can be detected in the effluent of bioretention columns after 15 days of 
continuous operation at a flow rate of 20 mL h
-1
. Removal rate at Day 45 for 
all three columns (i.e., planted, unplanted and unplanted autoclaved) were in 
the range of 68 to 70%. In this time frame, there were no significant 
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differences between the above mentioned three columns (P-value > 0.05 
Table ‎4-13). When the inflow rate was reduced from 20 mL h
-1
 to 4 mL h
-1
, 
IBP was still detected in the effluent in the three columns. However, low IBP 
removal efficiency (49 to 64%) just after reduction of flow rate could be due 
to desorption of IBP from soil media as after Day 77, IBP removal were 
increased. After reduction of flow rate in the period of Day 45 to Day 132, 
IBP removal by planted column was significantly different with unplanted 
column (P-value < 0.05, Table ‎4-13). Positive role of Money plant on the IBP 
removal was in line with the batch study as showed previously in 
Section ‎4.1.2, which Money plant effectively removed IBP.  
In the period of Day 77 to Day 132, IBP removals by unplanted and unplanted 
autoclaved columns were also significantly different which presumably shows 
the effect of biodegradation on the IBP removal. Bioretention columns showed 
higher IBP removal efficiencies. For instance, at Day 118, removal 
efficiencies of IBP were > 99.99%, 84%, and 65% for planted, unplanted, and 
unplanted autoclaved columns, respectively. This shows the effectiveness of 
Money plant and biodegradation on the removal of IBP. However, with higher 
flow rate of 20 mL h
-1
, the effect of Money plant on the removal of IBP was 
not significant (P-value = 0.983, Table ‎4-13). With higher flow rates, other 
mechanisms of IBP removal such as sorption and biodegradation were 
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Figure ‎4-14 Removal of selected ECs by bioretention columns with common soil 
media under continuous flow (20 mL h
-1
 and 4 mL h
-1
) condition (A) ACT, (B) 
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Table ‎4-13 Significance of difference analysis between ECs removal by planted, 
unplanted and unplanted autoclaved columns under continuous flow condition 
 P-value between 
Compounds 
 Planted and  
Unplanted columns 
Unplanted and  
Unplanted autoclaved columns 






















































    
P-values < 0.05 are underlined. 
 
4.3.2.3 Removal efficiencies of KTP  
During the first 45 days of experiments with a flow rate of 20 mL h
-1
, KTP 
was detected in the effluent of all three columns, namely planted, unplanted 
and unplanted autoclaved columns with removal rates of more than 70%. 
However, there were no significant differences between planted and unplanted 
columns as well as between unplanted and unplanted autoclaved columns 
(Table ‎4-13). Therefore, effect of plant uptake, microbial activities and 
sorption cannot be differentiated. However, due to the high removal rate 
(73%) of KTP by unplanted autoclaved column, KTP were removed 
predominantly by adsorption.  
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By reducing the flow rate from 20 mL h
-1
 to 4 mL h
-1
, significant differences 
in KTP removal between three columns were observed from Day 45 to Day 
77. However, later from Day 77 to Day 132, KTP removals were not 
significantly different between three columns. Although in the period of Day 
77 to Day 132 the P-values between unplanted and unplanted autoclaved 
columns, were higher than 0.05, the low P-value (0.154; Table ‎4-13) suggests 
microbial activities may still play a role in the removal of KTP. Effect of 
microbial activity on the surface of Money plant’s roots was not statistically 
significant (P-value = 0.262, Table ‎4-8). However, this P-value suggested 
microbial activity may still have some effects on the KTP removal with a 
confidence limit of 76% rather than usually acceptable 95% confidence limit. 
Possible role of biodegradation on the removal of KTP from surface waters 
was suggested by Tixier et al. (2003). 
4.3.2.4 Removal efficiencies of SAC  
There were no significant differences between removal of SAC by planted and 
unplanted and also between unplanted and unplanted autoclaved columns 
under 20 mL h
-1
 inflow condition (Table ‎4-13). However, by decreasing flow 
rate from 20 mL h
-1
 to 4 mL h
-1
, removal of SAC by planted column was 
significantly different with the removal by unplanted column (P-value for Day 
45 to Day 77=0.002 and P-value for Day 77 to Day 132=0.0003; Table ‎4-13). 
For instance, by Day 118, SAC removal efficiency of planted column was 
92% while removal efficiency of unplanted column was 81%. As discussed 
earlier in Section ‎4.1.2, SAC could moderately be removed by Money plants. 
On the other hand, no significant different between SAC removal by unplanted 
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and unplanted autoclaved column were observed. This means sorption to the 
soil media may be the dominant SAC removal mechanism rather than 
microbial activities. Another possibility would be growth of microbial 
communities in the unplanted autoclaved column during the operation period 
that may enhance SAC removal by bioretention columns.  
4.3.2.5 Removal efficiencies of CBZ  
CBZ showed removal rate of greater than 80% for all three columns and in 
both flow rates examined. However by reducing the flow rate, the differences 
in CBZ removals between unplanted autoclaved columns and two other 
columns were obvious. Removal of CBZ by planted column was not 
significantly different with that by unplanted column under both flow rates of 
20 mL h
-1
 and 4 mL h
-1
. Nevertheless, CBZ removal by unplanted autoclaved 
column was significantly different from unplanted column under the flow rate 
of 4 mL h
-1
. At this flow rate, the removal efficiencies of unplanted column 
were at average 12% higher than unplanted autoclaved column. This small 
difference could be due to the effect of microbial activities on CBZ removal. 
However, low biodegradability of CBZ has been suggested by other studies 
(Joss et al., 2006; Foolad et al., 2015). Insignificant effect of microbial 
communities on the surface of Money plant’s roots was previously shown in 
Table ‎4-8.  
High CBZ removal by bioretention column could be due to soil organic matter 
of selected soil media as suggested by Chefetz et al. (2008). They showed 
CBZ had higher sorption affinity with soil samples with higher organic 
content (8.13%) compared to soil samples with lower organic content (0.40%). 
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In this study, the soil organic content of selected soil in the bioretention 
column were measured as 6.35% which is almost comparable with Chefetz et 
al. (2008)’s study. Comparing the removal of CBZ by bioretention column 
with common soil media with CBZ removal by column with sand 
(Figure ‎4-13), showed that CBZ could not be removed significantly by silica 
sand media. Another possibility would be transformation of parent CBZ to 
other metabolites. Li et al. (2013) observed different CBZ degradation 
intermediates, among which acridone-N-carbaldehyde formed a large fraction 
that was recalcitrant to further degradation. 
4.3.3 Effect of iron source on ECs removal by bioretention column 
As showed earlier in Section ‎4.2.1 in the batch study, presence of Fe
2+
-EDTA 
as iron source enhanced the removal of ACT, IBP, and KTP. To analyze the 
effect of iron on the removal of ECs by bioretention columns, in a separate 
experiment, 100 mL of 0.3 mM Fe
2+
-EDTA was added to the bioretention 
column at Day 77. Removals of selected ECs, namely ACT, IBP, KTP, SAC 
and CBZ by planted, unplanted and unplanted autoclaved soil media before 
and after adding iron under a flow rate of 4 mL h
-1
 are shown in Figure ‎4-15. 
Statistical analysis of significant difference between ECs removal 20 days 
before and 20 days after adding iron in each of the three types of columns are 
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Figure ‎4-15 Removal of selected ECs by bioretention columns with common soil 
media under continuous flow (4 mL h
-1
) before and after Fe
2+
-EDTA treatment 
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Table ‎4-14 Significance of difference analysis between ECs removal before and 
after Fe
2+
-EDTA treatment by planted, unplanted and unplanted autoclaved 
columns under continuous flow condition 
 P-value between before and after Fe2+-EDTA treatment for 
Compounds  Planted columns Unplanted columns Unplanted autoclaved columns 
ACT 
 
1 1 1 
IBP 
 
0.093 0.054 0.524 
KTP 
 
0.324 0.141 0.742 
SAC 
 
0.182 0.089 0.349 
CBZ 
 
0.529 0.235 0.060 
     
P-values < 0.05 are underlined. 
 
As shown in Table ‎4-14, no significant difference was observed before and 
after the addition of Fe
2+
-EDTA. Although adding iron did not show 
significant difference on the removal of selected ECs, removal of IBP and 
KTP were slightly increased. The insignificant differences could be due to 
other dominant removal mechanisms in the bioretention columns such as 
sorption and biodegradation. In addition, presence of enough iron sources in 
the soil media would meet the plants’ requirements on iron, defeating the need 
for further iron addition. Analysis of soil used for column study showed iron 
content was 3834 mg Kg
-1
 (per dry-weight basis)
1
. It was believed that this 
iron would fulfill the Money plants’ requirement on iron. 
                                                 
1
 Analysis done by Setsco Services Pte Ltd, Singapore 

















As removal of ECs such as PPCPs, EDCs and ASs from the environment have 
been concerns for environmental researchers, using the plant-soil system can 
be considered as a new sustainable approach. To evaluate the removal 
efficiency of ECs as well as understand the associated mechanisms, a series of 
batch experiments in aqueous media and bioretention column experiments 
under continuous flow condition were examined. The overall aim of this study 
was to evaluate the possible role of biological advanced oxidation process 
(BAOP) on the removal of selected ECs in addition to examining the ECs 
removal efficiency of plant-soil system. 
5 
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5.1.1 ECs removal by Money plant 
Removal of selected ECs namely ACT, E1, IBP, KTP, SAC, and CBZ in the 
batch experiments were examined using planted and unplanted flasks 
containing a mixture of ECs with an initial concentration of 500 µg L-1. Based 
on the 21-day batch experiment, with the exception of CBZ that did not show 
significant removal, other compounds were removed from the aqueous media. 
One possible explanation for insignificant removal of CBZ, a neutral 
compound, by Money plant could be due to lack of specific enzymes such as 
P450. Removal rates of selected EC compounds were in the order of 
ACT>E1>IBP>KTP>SAC with half-lives of 7.1, 8.5, 9.5, 20.4, and 27.7 days, 
respectively. This study also demonstrated removals of most ECs studied were 
dominantly due to plant uptake and also interaction and adsorption to plant 
roots. In particular, ACT was removed predominantly by interaction and 
absorption to plant roots while E1, IBP, KTP and SAC were removed by root 
interaction, sorption and plant uptake. Share of plant uptake in the removal of 
E1, IBP, KTP and SAC were 27.39, 35.72, 22.77 and 5.85%, respectively. 
5.1.2 Relation between removal efficiency and physicochemical 
properties of ECs by Money plant 
This research demonstrated removal of ECs by Money plant for the first time. 
Selection of terrestrial plant such as Money plant may broaden the application 
of plant-based systems for the purpose of ECs removal since plant-based 
systems use mainly aquatic plants for ECs removal. This finding would help 
predict the removal efficiencies due to uptake by Money plant for the future 
studies. Although the relationship between ECs removal by Money plant and 
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physicochemical properties of ECs were not established, pKa showed highest 
contribution on ECs removal as compounds with higher pKa were removed by 
Money plant at higher efficiency.  
5.1.3 Role of biological advanced oxidation process on ECs removal by 
Money plant 
One possible mechanism involved in the removal of ECs could be biological 
advanced oxidation processes (BAOP) which is suggested in this study. 
Endogenous H2O2 in the presence of iron sources may lead to the production 
of OH in plant’s cell. The biologically produced OH may oxidize ECs. 
Three different types of iron source, namely Fe
2+
 as FeSO4, Fe
3+
 as Fe2(SO4)3 
and iron chelate in the form of Fe
2+
-EDTA were used to examine the effect of 





 readily for plants uptake and showed highest increase in the first-
order removal rate constants compared to other treatments. The results showed 
that comparing with no-Fe treatment, in the presence of Fe
2+
-EDTA the first-
order removal rate constant of ACT, IBP and KTP were significantly 
increased from 0.102 to 0.200 d
-1
, from 0.072 to 0.212 d
-1
 and from 0.034 to 
0.078 d
-1
, respectively. The increase in removal efficiencies in the presence of 
Fe
2+
 was due to a simultaneous reduction of endogenous H2O2 and presumably 
production of OH to react with ECs. Compared to no-Fe treatment, presence 
of Fe
2+
 (in the form of FeSO4) increased removal rate constants of ACT and 
IBP treatment within the initial 6 days from 0.073 to 0.107 d
-1
 and from 0.035 
to 0.069 d
-1
, respectively. Nevertheless, removal rate constants of ACT and 
IBP for the entire experiment’s period were decreased from 0.102 to 0.059 d-1 
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and from 0.072 to 0.062 d
-1
, respectively. This shows an inhibitory effect of 
iron in the form of FeSO4 on the ACT and IBP removal. On the other hand, 
first-order removal rate of KTP and SAC were decreased in the presence of 
Fe
2+
 (in the form of FeSO4) compared to no-Fe treatment in both short term 
(initial 6 days) and long term (entire 21 days of experiment). When Fe
2+
 (in 
the form of FeSO4) were introduced to the Money plant flasks, first-order 
removal rate constants of KTP were decreased from 0.037 to 0.035 d
-1
 in the 
first 6 days of experiment and decreased from 0.034 to 0.009 d
-1
 in the 21 days 
of experiments. Similarly for SAC, when Fe
2+
 (in the form of FeSO4) were 
introduced to the Money plant flasks, first-order removal rate constants were 
decreased from 0.050 to 0.005 d
-1
 in the first 6 days of experiment and 
decreased from 0.023 to 0.014 d
-1
 in the 21 days of experiments. CBZ 
removal, however, was not significantly changed in the presence of Fe
2+
in 
both Day 6 and Day 21 of experiment.  This different responds to the presence 
of FeSO4 which could be due to the formation of iron complexes with those 
affected compounds.  
Unlike Fe
2+
 (in the form of FeSO4) with different effects on first-order 
removal rate constant in short and long term (e.g., increase in short term and 
decrease in long term compared to no-Fe treatment), presence of Fe
3+
 (in the 
form of Fe2(SO4)3) showed same effect on first-order removal rate constant 
both in short term (6 days of experiment) and long term (21 days of 
experiment). During 21 day of experiment, presence of Fe
3+
 increased the 
first-order removal rate constants of ACT and IBP from 0.102 to 0.162 d
-1
 and 
from 0.072 to 0.146 d
-1
, respectively, while the removal rates of KTP and SAC 
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were decreased from 0.034 to 0.028 d
-1
 and from 0.023 to 3.2210-4 d-1, 
respectively. These changes could be due to the formation of iron complexes 
with KTP and SAC which may make these two compounds unavailable for 
Money plant. Similar to Fe
2+ 
(in the form of FeSO4), presence of Fe
3+
 did not 
show significant difference on the CBZ removal by Money plant. 
This research is the first reported work on the effect of different iron sources 
including iron chelate on the removal of ECs and provided a comparison on 
the removal efficiency with Fe
2+
 in the form of FeSO4 and Fe
3+
 in the form of 
Fe2(SO4)3. Based on this study, the highest first-order removal rates were 
achieved in the presence of iron chelate, Fe
2+
-EDTA with no inhibitory effect. 
5.1.4 ECs removal by bioretention columns 
Finally, bioretention columns showed high removal (>80%) of all selected 
compounds including recalcitrant compounds such as CBZ. CBZ were 
removed presumably due to high organic content (6.35%) of selected soil in 
bioretention columns. Since different mechanisms such as adsorption, plant 
uptake and microbial activities were simultaneously involved in the 
bioretention systems, different ECs may be removed by these plant-based 
systems. However, lower inflow rates favored higher removal efficiencies by 
planted bioretention columns for IBP, KTP and SAC while ACT were 
removed almost completely in both two selected inflow rates of 20 and 4 mL 
h
-1
. The removal of CBZ, however, did not change significantly at both 
selected flow rates presumably due to retardation of CBZ in soil with high 
organic content. Removal efficiencies of planted columns were increased from 
70.07%, 74.40% and 65.00% under inflow rate of 20 mL h
-1
 (Day 45) to 
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>99.99%, 97.30% and 89.61% under inflow rate of 4 mL h
-1
 (Day 132) for 
IBP, KTP and SAC, respectively.  
Application of plant-soil systems such as bioretention systems for ECs 
removal is suggested and evaluated for the first time as a new application for 
such systems. Conventionally, bioretention system was only used for removal 
of pollutants such as suspended solids, nitrogen and phosphorous. Plant-soil 
systems such as bioretention system may be applied as a final polishing step 
before the WWTP effluent is discharged to the water environment. 
5.1.5 Graphical summary of the main findings 
Graphical summary of the main findings in this study is illustrated in 
Figure ‎5-1. 
 
Figure ‎5-1 Graphical summary of the main findings 
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5.2 Recommendations 
Based on the findings in the present study, the following recommendations for 
future studies are suggested: 
 Removals of ECs by plants are very complicated which include 
combination of different mechanisms such as physical process (i.e., 
adsorption onto root surface) and chemical processes (e.g., oxidation, 
conjugation and sequestration). In this study, ECs removals were 
limited to 6 compounds by Money plant. Study on the removal of 
higher number of ECs by different types of plants is suggested to 
enhance the understanding of ECs removal mechanisms which may 
lead to define a predictive ECs removal model by plants.  
 Fate of ECs metabolites were out of the scope of this research. 
However, ECs removal study using labeled compound may provide 
more in-depth knowledge regarding the fate of ECs in plant and soil 
media. Labeled compounds may also benefit better understanding of 
oxidation mechanism of ECs inside plant tissues. 
 Soil microorganisms played important roles in ECs removal via the 
biodegradation processes. Thus, molecular biological techniques can 
be applied to determine the dominant bacteria in the system for future 
application. 
 The selected plant-soil system in this study was restricted to lab-scale 
bioretention columns. However, analyzing a pilot-scale system may 
help understand the efficiency of system in the practical situation. In 
pilot-scale study, effect of combination of different plant species can 
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be studied which may have synergistic effects on the ECs removal as 
well as other conventional pollutants that usually are treated by plant-
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Figure A2 Isoelectric point (left) and microspecies distribution (right) of 
acetaminophen (ChemAxon, Marvin Calculator Software). 
  
Figure A3 Isoelectric point (left) and microspecies distribution (right) of 
ibuprofen (ChemAxon, Marvin Calculator Software). 
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Figure A4 Isoelectric point (left) and microspecies distribution (right) of 
ketoprophen (ChemAxon, Marvin Calculator Software). 
  
Figure A5 Isoelectric point (left) and microspecies distribution (right) of 
saccharin (ChemAxon, Marvin Calculator Software). 
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Figure A6 Isoelectric point (left) and microspecies distribution (right) of 
carbamazepine (ChemAxon, Marvin Calculator Software). 
